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A SEED DORMANCY GENE-MEDIATED BIOTECHNOLOGY 
TO MITIGATE TRANSGENE FLOW INTO WEEDY RICE 
LUAI NAHAR MUHAMMAD 
2019 
Transgene flows into wild/weedy relatives may cause ecological and economic 
problems. Seed dormancy is an adaptive trait that distributes germination over time and 
promotes persistence of weeds in agroecosystems. Silencing natural genes controlling 
seed dormancy (SD) could promote germination and reduce weed adaptability. The goal 
of this project was to develop a transgenic mitigation (TM) technology by linking to a 
primary transgene with an SD gene-silencing structure, as a tandem construct for 
transformation, to reduce the risk of gene flow into weed populations. In this research, 
the Bar (Bialaphos) gene for resistance to the glufosinate herbicide was used as a primary 
transgene, and inverted repeat sequences (IRS) from the seed dormancy genes SD7-1 or 
SD12, were used as a mitigating factor to develop the Bar::IRSSD7-1::IRSSD12 construct. 
The tandem construct was used to transform a white pericarp-colored cultivar that 
contains non-functional alleles at SD7-1 and SD12. A transgenic T0 plant was crossed 
with a line of weedy red rice to mimic transgene flow. The weedy rice parent contains 
functional alleles at SD7-1/Rc and SD12. SD7-1 is identical to Rc for red pericarp and the 
pleiotropic gene encodes a transcription factor controlling both seed dormancy and red 
pericarp color. It is expected that the IRSs linked with Bar in the construct could be 
activated to silence SD7-1/Rc and SD12 by a mechanism of RNA interference (RNAi), 
 xxii 
resulting in reduced dormancy and change in the pericarp color from red to white in 
herbicide-resistant plants. Thus, the objectives of this research were: 1) to identify 
inheritance patterns for the Bar::IRSSD7-1::IRSSD12 transgene and for the traits HR, SD, 
pericarp color, hull color, awn length/percentage of awned seeds, flowering time and 
plant height in the F2 population; and 2) to evaluate the silencing efficiency of RNAi on 
SD7-1/Rc in the advanced (F3 and F4) generations. A population of 288 F2 plants were 
evaluated for the traits and genotyped with markers distributed on 10 of the 12 
chromosomes. Data from the F2 population revealed one copy of the Bar::IRSSD7-
1::IRSSD12 tandem construct segregating in the population and that the phenotypic 
frequency for red pericarp was greatly reduced, seed dormancy was correlated with the 
other tested traits except for flowering time, more than two SD (SD7-1 and SD12) genes 
segregated in the population, the RNAi-mediated silencing effects on both SD7-1 and 
SD12 were detected, and the silencing efficiency on SD7-1/Rc was about 30%. Seven F3 
lines selected from the F2 populations and eight F4 lines selected from two F3 lines were 
evaluated for seed dormancy and pericarp color to estimate the silencing efficiency on 
SD7-1/Rc. Data from the F3 and F4 lines confirmed the observation for one copy of the 
transgene in the generations of segregating populations and demonstrated that the RNAi-
mediated gene silencing efficiency increased to about 90% in the two advanced 
generations. The silencing efficiency reached 100% in some of the F3 or F4 lines and the 
results were consistent with transcriptional data of the gene SD7-1/Rc. This research 
provided evidence that natural genes with a major effect on seed dormancy can be 
silenced by an RNAi mechanism linked to a primary transgene in hybrids with weeds and 
the silencing efficiency increased with the generation advancement.  
 1 
Chapter 1. Introduction and Literature Review 
This dissertation project was a proof-of-concept study on a transgene mitigation 
(TM) strategy using seed dormancy genes to mitigate the risk of gene flow from 
genetically engineered crops (GEC) into wild or weedy relatives. This chapter was 
prepared first to introduce basic concepts and background information on GEC-related 
topics, then to review the current status of research on TM strategies and the seed 
dormancy trait, and finally to define objectives of this project. 
1.1 Introduction  
1.1.1 Genetically engineered crops 
1.1.1.1 Genes and natural mutants 
In classical genetics, a gene is a basic unit of heredity for a trait. In molecular 
genetics, a gene is a DNA sequence that can be transcribed into an RNA, which can be 
further translated into a protein for a given biological function(s). Genes are located on 
chromosomes in eukaryotes. The chromosomal position of a gene is known as a locus. A 
locus may have different forms of DNA sequence, known as alleles. Thus, a gene may 
have two or more alleles (Rieger et al. 1991). 
New alleles of a gene in a plant species originate from spontaneous mutations to a 
wild-type allele and are retained by natural selection during evolution. Mutant alleles can 
have changed functions. For example, the red pericarp color gene Rc in rice (Oryza spp.) 
has three alleles: Rc, a wild-type allele responsible for red pericarp color; Rc-s, a mutant 
allele for a light red color; and rc, a loss-of-function mutant having a null function for 
pigment biosynthesis and a phenotype of white pericarp color. The action of Rc is 
dominant over rc. The functional allele Rc, or the red pericarp color phenotype, is present 
 2 
in populations of wild and weedy red rice, while the non-functional allele rc is present 
largely in cultivated rice grown in Asia and Africa (Sweeney et al. 2006b). 
1.1.1.2 Transgene 
A gene can be isolated from an organism and modified by adding or deleting 
nucleotides to produce functional recombinant DNA in laboratories. A transgene is a 
recombinant DNA selected to transform organisms, such as crop plants, to produce a new 
beneficial trait (Vaucheret et al. 1998). Transgenes could come from a different genus, 
family or high orders of taxonomies, such as viruses, bacteria, insects, plants, and 
animals.  
1.1.1.3 Current status of genetically engineered crops 
A GEC, or genetically modified organism (GMO) in a broad sense, is a cultivar 
that contains one or more transgenes with designed characters, such as resistance to a 
herbicide, an insect, or a disease. 
The first GEC approved by the Food and Drug Administration (FDA) of USA 
was the ‘Flavor Saver’ tomato (Lycopersicon esculentum) variety released for production 
in 1994. The Flavor Saver was characterized by delayed ripening after picking. Since 
then, many GEC have been approved by FDA for crop production, including corn, 
cotton, potatoes, soybeans, canola, alfalfa, papaya, and sugar beets (Benbrook 2012; 
Bawa and Anilakumar 2013; Best Food Facts 2016; ISAAA 2017). GECs are also in 
developing or research for rice and the other food crops (Reuters 2018). 
Transgenic traits currently used for crop production include insecticide resistance 
conferred by the Bt gene from Bacillus thuringiensis in corn, bromoxynil herbicide  
resistance in cotton, glyphosate herbicide resistance in soybean (Glycine max L.) 
 3 
(Benbrook 2012) phosphinothricin (PPT) resistance, Bar (Bialaphos) gene, in tobacco 
(Lutz 2001), virus-resistant in squash, and additional delayed ripening in tomatoes. 
Modified oil composition in canola, (Bawa and Anilakumar 2013) and herbicide-
resistance, Bar gene, in rice (Shivrain et al. 2009) are also examples of transgenic crops 
approved for commercial production. 
The importance of GEC in agriculture can be seen the planted area. The GEC 
were planted with 2.3 Bha (billion hectares) in the past 22 years. This number includes 
1.04 Bha of soybean, 0.64 Bha of maize, 0.34 Bha of cotton, and 0.13 Bha of canola (Fig. 
1.1A, ISAAA 2017). The global area sown to GECs for soybean, maize, cotton, and 
canola has increased over 100-fold in the past two decades. The four crops accounted for 
99% of the GEC-planting area in the world.  
About 30 countries allow planting of GECs, though five countries (United States, 
Canada, India, Brazil, and Argentina) account for approximately 90% of GEC usage 
(Van Acker et al. 2018). During the period of 1996 to 2017, about 18 million farmers in 
24 countries (19 developing and 5 developed countries) planted 189.8 Mha (million 
hectares) of GECs. The top 10 countries based on hectarage were United States (75 Mha), 
Brazil (50.2 Mha), Argentina (23.6 Mha), Canada (13.3 Mha), India (11.4 Mha), 
Paraguay (3.0 Mha), Pakistan (3.0 Mha), China (2.8 Mha), South Africa (2.7 Mha), and 
Bolivia (1.3 Mha). The other 14 countries planted approximately 3.7 Mha of GECs (Fig. 
1.1B, ISAAA 2017). 
From 1996 to 2017, herbicide tolerance was consistently the dominant trait of 
GECs but slowly decreased during the years with an increasing importance of stacked 






















Fig. 1.1 Global trends of GECs from 1996 to 2017. 
A, Distribution by crop; B, Distribution by country; C, Distribution by trait. These 
figures were developed based on data from ISAAA (2017). 
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1.1.2 Transgene flow and its risks  
1.1.2.1 Gene flow 
Gene flow refers to the movement of a gene from one organism to the genome of 
another organism in the same or related species in a natural ecosystem. Gene flow can be 
classified into two types: vertical and horizontal (Thomson 2001). Vertical gene flow is 
the movement of an allele from one to the other population of the same species by cross-
pollination or hybridizations. Thus, vertical gene flow occurs when two populations in 
the same area overlap for flowering time. The term vertical gene flow is widely used in 
evolutionary biology and population genetics (Lu 2008). Horizontal gene flow, also 
known as lateral gene transfer, is an insertion of a gene from the genome of one species 
into the genome of another species. Horizontal gene flow occurs between unrelated 
species, including plants and microbes (Thomson 2001). 
1.1.2.2 Transgene flow 
Transgene flow is the movement of a GE gene from a GEC into non-GEC or wild 
relative. The transgene, Bialaphos (Bar), was originally cloned from Streptomyces 
hygroscopicus bacteria and produces the tripeptide Bialaphos as a secondary metabolite. 
Since the transgene flow is mediated by outcrossing between conspecific or congeneric 
species, it is an example of vertical gene flow. Transgene flow can be pollen- or seed-
mediated. Significance of pollen-mediated transgene flow was reported for oilseed rape, 
sugar beet, potatoes, maize, wheat, barley, and rice that was planted in the same area as 
non-GEC. Pollen movement can be heavily affected by changes in temperature, light, 
rain, humidity and wind (Elistrand 1992; De Vicente 2005). These GECs are close to 
release as commercial crops in Europe. Additionally, such crops have been ranked in 
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terms of the likelihood of gene flow (between high and low flow) (Table 1.1, Eastham 
and Sweet 2002). 
Seed-mediated transgene flow was reported for GE canola planted together with 
non-GECs in the same area (Daniell 2002a). Most GECs also possess seed dispersal 
mechanisms for long-distance (De Vicente 2005). The sugar beet (Beta vulgaris ssp. 
vulgaris) is extensively cultivated in northern France. The fields of sugar beet distributed 
along the coastline, where the wild relative (Beta vulgaris ssp. maritima) present as well. 
However, the hybridization between the cultivated and weedy sugar beets in land beets is 
possible because both belong to the same species. Therefore, the outcomes of this 
hybridization would present in seed production areas for sugar beet (Arnaud et al. 2003). 
Both seed and pollen flow have been reported as contributing to gene transfer 
from weedy populations of European sugar beet into wild populations. Thus, seed escape 
played a main role in the establishment of weedy plants (de Vicente 2005).  
Table 1.1 Likelihood of gene flow in some crop species 
Crop Species 
Gene-flow 
Crop to crop Crop to wild 
Oilseed rape Brassica napus High High 
Sugar beet Beta vulgaris Medium to high Medium to high 
Maize Zea mays Medium to high No known wild relatives 
Potatoes Solanum tuberosum Low Low 
Wheat Triticum aestivum Low Low 
Barley Hordeum vulgare Low Low 
Rice Oryza sativa Low Low 
Note: data shown were modified from (Eastham and Sweet 2002) 
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1.1.2.3 Risks of transgene flow 
Transgene flow may cause serious consequences in agroecosystems. The 
consequences include: 1) new weedy genotypes (super weeds); 2) seed lot contamination 
(some volunteers present with some undesirable traits such as herbicide resistance); 3) 
possibility of more complex and costly weed-control strategies; 4) limitations in design of 
cropping system; 5) selection of resistant weedy biotypes by repeated use of the same 
herbicide (Légère 2005); and 6) transgene escapes back from the wild species to the crop 
can reduce yield and decrease genetic purity of the crop varieties (Felber et al. 2007). 
1.1.3 Biotechnology risk management 
Various methods have been proposed to prevent or mitigate transgene flow. These 
methods are categorized in Fig. 1.2. Each of the methods has strengths and weaknesses as 
stated in the following sections. Two groups of strategies were proposed for mitigating 
transgene flow. The first group includes physical strategies, which vary with field 
locations or flowering times. The second group includes biological strategies, which vary 
with flower structures, pollination habit, or pollen longevity.  
 





Isolation by space (pollen-mediated TF) 
Isolation by flowering time (pollen-mediated TF) 
Transgene containment methods 
Transgene mitigation (tandem construct & fitness-reducing mitigators)  







1.1.3.1 Physical containment 
Physical containment uses agronomic or seed technologies to isolate GEC from 
non-GECs to prevent transgene flow through pollen or seed. 
1) Temporal isolation 
 Temporal isolation isolates a GEC from non-GECs by flowering time. Temporal 
isolation techniques include utilization of delayed cultivation, crop rotation to eliminate 
any connection between GECs and non-GECs. A study in Spain exhibited a depression of 
cross-fertilization by planting two crops one week apart. There was 75% decrease in gene 
escape when the difference in sowing time was three weeks (Devos et al. 2005). 
2) Spatial isolation 
 Spatial isolation separates a GEC from common cultivars by physical space. An 
impediment of pollen is a method using a group of plants grown around donors of GEC 
pollen (Devos et al. 2006). Plants used to block pollen can be tall crops and trees. This 
strategy indicates that the rates of cross-pollination (gene escape) commonly at the edge 
rows of crop higher than the field center (Lu 2008). 
A recommended separation distance is 200 m between GE and non-GE maize in 
order to gain percentage of grains with 0.9-1% threshold expressed (Devos et al. 2005). 
However, some research has shown that the pollen spreading distance could be over 1 
km. 
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1.1.3.2 Biological containment 
1.1.3.2.1 Transgene containments   
  Containment strategies aim to preclude gene flow from GECs or to protect non-
GECs from receiving transgenes from GECs (Gressel and Al-Ahmad 2006). The 
strategies of transgene containment can be grouped into two types:  biological 
containment and physical containment. The containment methods are designed based on 
the natures of pollination, fertilization or seed development.  
1) Chloroplast transformation  
 Chloroplast transformation is a method to engineer a transgene into the 
chloroplast genome so it can be transmitted largely through the female gametes (i.e., 
maternal inheritance). This method can reduce the possibility of pollen-mediated 
transgene flow. Chloroplast transformation technology was used in tobacco (Svab et al. 
1990), and several other species (Lu 2008). In fact, chloroplast transformation may not be 
100% safe. First, it was reported that there was about 0.4% of pollen transfer of maternal 
traits. And second, a GEC can be fertilized by pollen from non-GECs to produce 
transgene-containing hybrids. 
2) Seed sterility  
Seed sterility refers to any plant that does not produce viable seeds (Law insider 
2019). Variety genetic use restriction technologies (Variety-GURT), which also known as 
suicide sterile seed/terminator technology, or gene technology, is an experimental method 
designed to control plant fertility or seed development during a genetic process triggered 
by a chemical inducer, allowing the plant to form seeds. However, this situation will lead 
the embryos to induce a cell toxin, which inhibits germination if replanted. Consequently, 
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this situation will produce sterile next generation seeds and avoid concerns related to GM 
seed dispersal (Lombardo 2014). 
The genes of embryo involved in seed germination and can also be targeted to 
catch containment of gene. A system called “terminator technology” was patented many 
years ago by many organizations and universities in the United States (Daniell 2002b). 
Once released into the environment, the seed sterility trait could be passed to other non-
GECs or weedy/wild relatives through outcrossing, and thus making some of the seeds 
sterile in that area (Lu 2003). 
3) Male sterility 
 Male sterility in plants refers to genotypes or pure lines that cannot produce 
functional male gametes, but can produce functional female gametes and fertile hybrid 
F1s. Male sterile lines have been identified in wheat, alfalfa, rice, maize, rose clover, 
brassicas carrot, onions, and birds-foot trefoil (Kaul 1988). Transgenic methods have 
been used to develop male sterile plants. Thus, these methods could be used to prevent 
pollen-mediated transgene escape, especially in perennial forage crops where gene flow 
potential is high (Lu 2008). If a GEC is totally asexual and male-sterile, such as some 
potato varieties, there is no pollen-mediated gene escape to occur, because there is no 
hybridization with nearby non-GEC or wild or weedy relatives.  
4) Apomixis 
Apomixis refers to seed production without fusion between female gametes (egg 
cells) and male gametes (sperm cells). Therefore, apomixes produced seeds are 
genetically identical to the parent (Lu 2008). Apomixes occur naturally in several species 
such as potato. (Ramulu et al. 1999).Apomixes genes were proposed to fix genotypes of 
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superior hybrid varieties. The method of apomixis was recommended as a biological 
containment method to prevent pollen-mediated gene escape. This is because mandatory 
apomictic plants do not need the fusion of female and male gametes or fertilization by 
gametes from the other plants to produce offspring (Gressel 1999; Daniell 2002b). The 
commercial application of apomixis techniques will take a long time for development 
because there is a lack of high fertility of pollen. Furthermore, scientists should make 
sure that GE apomixis plants are not invasive (Lu 2008). 
5) Cleistogamy  
Cleistogamy is a type of self-fertilization that occurs within a closed flower. The 
cleistogamy character can be used to prevent out-crossing and transgene flow through 
pollens (The National Academies Press 2004). The use of cleistogamy to contain 
transgenes may be possible only for some crop species. For cross-pollination crops such 
as maize, cassava, common buckwheat and most cucurbits, it is hard to generate a 
cleistogamous genotype (Lu 2003). 
1.1.3.2.2 Transgene mitigation 
The concept of transgene mitigation is artificially linking a fitness-enhancing 
transgene and a fitness-reducing gene (mitigator) to mitigate the risk of gene flow 
(Gressel 1999). Fitness can be defined as the ability of a genotype to survive in cropping 
systems and contribute to populations of the following generations. Many adaptive traits 
with selective advantages are controlled by genes. These genes can be used to develop 
mitigating factors (Gressel 1999; Daniell 2002a; Al-Ahmad et al. 2004; Kena 2017). A 
useful TM approach should meet the three premises: 1) a tandem construct consisting of a 
primary transgene linked to a mitigating factor (MF) (Fig. 1.3); 2) the mitigating factor 
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has an effect that is positive or neutral for crops, but deleterious for weed/wild species; 
and 3) if a transgene escapes to a weedy population by out-crossing, the hybrid genotypes 
will be less competitive than other weedy genotypes in the population to keep their  
frequency low (Gressel 1999; Al-Ahmad et al. 2004). 
Mitigating traits include seed dormancy and shattering, plant height (dwarfism), 
or chemical resistance or susceptibility (Daniell 2002a; Al-Ahmad et al. 2004; Zhang et 
al. 2014; Gressel 2015; Kena 2017). In this study, we used the seed dormancy trait as a 
mitigating factor, and the herbicide resistant gene (Bar) as a primary transgene, to 




Fig. 1.3 Comparison of current and transgenic mitigation (TM) technology. 
The figure shows a transgenic crop, which has been developed using recombinant DNA 
technology that contains one or more genes that have been inserted artificially either from 
an unrelated plant or from different species altogether, containing a tandem construct, 
which consists of a glufosinate herbicide resistance (HR) gene, Bar, which can fertilize 
with weed relatives linked to seed dormancy as a mitigating factor (MF). Many backcross 
offspring with the weed carrying the trait may will be superweeds. If the traits encoded 
by genes that are positive or neutral to the crop, but negative or deleterious to the weed 
flank. The trait are linked in a tandem construct, so as to endure RNAi/TM. The linked 
traits will make backcross offspring with weeds as non-competitive super wimps. 
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1.1.4 Seed dormancy  
Seed dormancy is an evolutionary adaptation that result in temporary failure of 
seed germination even under favorable environmental conditions including, water, 
temperature, light, gas, seed coats, and other mechanical restrictions. That allows to 
disperse the seeds over space and time (Bewley et al. 2013).  
1) Types of dormancy 
Seed dormancy was classified into primary and secondary types, based on the 
timing of dormancy development: Primary dormancy is developed on the mother plant 
before maturation and is defined as a state in which germination of the progeny is 
inhibited while maturing on the mother plant. Secondary dormancy is a reduction in 
germination of seed in which develops at any time after dissemination of seed and might 
be induced before to the complete alleviation of primary dormancy (Benech-Arnold et al. 
2000; Gulden 2003). 
2) Ecological importance of seed dormancy 
Seed dormancy is considered an important adaptive mechanism for seed-bearing 
plants. Several factors can affect the seed dormancy levels. Temperature is the main 
factor that regulates seed dormancy. For example, some summer species could lose seed 
dormancy after a period of stratification by low temperature during the winter season 
(Benech-Arnold et al. 2000), and increase seed dormancy in high temperature 
environments during summer. Soil temperatures regulate the dormancy status of 
seedbanks, (Koornneef and Karssen 1994). For example, in Polygonum aviculare, seeds 
release dormancy quickly at 4 oC, but dry storage at 4oC helps the dormancy release at 
the much slower rate (Kruk and Benech-Arnold 1998). 
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In the seeds of Rumex obtusifolius and Rumex crispus species, the absence of 
dormancy during winter is the result of two processes: (1) relief of primary dormancy; 
and (ii) induction of secondary dormancy.  
After-ripening is a physiological process in which dried seeds gradually loose 
dormancy over some period during exposure to a set of environmental conditions after 
maturation and separation from the source plant (Simpson 1990). Mechanisms that 
remove dormancy through after-ripening may include the non-enzymatic oxidative 
process (Romagosa et al. 2001). Newly harvested seeds may have slow and non-uniform 
germination. Dormancy loss during after-ripening has been correlated with breakdown of 
dormancy-imposing factors. Seed response to fall rain delay germination until winter or 
early spring or they will remain in the soil seedbank as dormant seeds across years. 
 
1.2 Literature review 
1.2.1 Research on transgene mitigation (TM) strategies 
1.2.1.1 Genetic principle of TM strategies 
The principle of Hardy-Weinberg equilibrium (HWE) states that genotypic and 
allelic frequencies of a gene in a large population remain constant from generation to 
generation in the absence of evolutionary forces, such as mutation, migration, selection, 
mate choice, gene flow, meiotic drive, and genetic drift  (Fig. 1.4, Big Picture 2014). 
Hardy-Weinberg equilibrium was developed based on Mendelian genetics for 
populations of diploid, sexually reproductive individuals. Assumptions of HWE include: 
1) allele frequencies of a gene do not change across generations; 2) if frequencies for two 
alleles in a population are p and q, three expected genotype frequencies are p2, 2pq, and 
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q2. For example, if the frequency in the population is p for allele “A” and q for allele “a”, 
the genotype frequency is p2 for “AA” = 2pq for “Aa”, and q2 for “aa”. In this case, p + q 
=1, and p2 + 2pq + q2= (p + q)2=1 (Bisceglia 2014). 
 
Fig. 1.4 A plot of Hardy-Weinberg Equilibrium. 
The p and q are frequencies of the A and a alleles, respectively, at a locus. This figure was 
modified from ThoughtCo (2019). 
1.2.1.2 Proposed mitigating factors 
 Research on transgene mitigating strategies have been studied in tobacco, 
oilseeds, corn and rice.  
1) Tobacco (Nicotiana tabacum) 
  Tobacco was the first model system for research on transgene mitigation. The 
mitigating trait was dwarfism or short plant height, which can increase crop yield but 
decrease plant competition with weeds. The gibberellic acid insensitive gene (∆gai) was 
used as a mitigator to produce short plant height. The dominant herbicide-resistant gene 
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ahasR (acetohydroxy acid synthase) was used as a primary transgene. Both ∆gai and 
ahasR were linked as a tandem construct for transformation (Table 1.2, Al-Ahmad et al. 
2004; Gressel and Al-Ahmad 2006).  
The ahasR gene was cloned into the pAC456 plasmid, which contains the 
Arabidopsis thaliana ahas promoter, ahasR coding sequence and ahas terminator. The 
Δgai was cloned into pλg/SK+ plasmid, containing the Arabidopsis thaliana gai promoter, 
Δgai coding sequence and gai terminator. Both ahasR and Δgai were tightly linked as a 
tandem construct (Al-Ahmad et al. 2004). This construct was ligated into the SmaI- and 
SalI-predigested binary vector pPZP212 (Hajdukiewicz et al. 1994) to generate the 
pPZP212-ahasR-Δgai -1 (TM 1) plasmid. The TM plasmid contained the aadA gene 
conferring bacterial resistance to spectinomycin and the kan gene encoding neomycin 
phosphotransferase II conferring plant resistance to kanamycin. Both genes were carried 
within the native T-DNA of the pPZP212 vector (Hajdukiewicz et al. 1994; Al-Ahmad et 
al. 2004). After transformation, the T0 generation was obtained and advanced to the T1, 
T2, T3, and T4 generations (Al-Ahmad et al. 2004). 
Results displayed the repression of crop-weed hybrids when competing with wild 
type of weeds, or these crops as volunteer weeds, when the selector (herbicide) was not 
used. The linked unfitness was continuously demonstrated in subsequent generations, 
keeping the transgene at a very low level of frequency (Al-Ahmad et al. 2004). 
To test the efficiency of the ∆gai-ahasR construct in reducing the risk of gene 
flow, the TM system was examined in agricultural fields when crops with herbicides 
were rotated. The efficiency of the TM strategy would not be very active if the transgenic 
crop is grown season after season in monoculture, particularly if the primary transgene is 
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herbicide resistance and the herbicide selector is repeatedly used as well. This indicates 
that the fitness is authorized to continually express itself, where only the herbicide-
resistant plants can stay alive (Al-Ahmad et al. 2004). 
2) Oilseed rape (Brassica napus)  
Transgenic oilseed rape plants could become ‘volunteer’ weeds in subsequent 
seasons. The herbicide-resistance transgene ahasR and Δgai were used to produce a 
pPZP212-ahasR-Δgai-1 tandem construct (TM 1). Agrobacterium tumefaciens strains, 
EHA101 and EHA105, containing the TM 1 construct were utilized to transform excised 
cotyledonary petioles of Oilseed rape cv. ‘Westar’ seedlings. All verified transformants 
were designated as ‘TM’. Non-transgenic oilseed rape cv. Westar and their progeny were 
regenerated from tissue culture (Al-Ahmad et al. 2004, 2006). Southern hybridization 
was utilized to examine stability and to attain the copy number of the integrated ahasR 
and Δgai tandem genes in the TM construct in B. napus transformants (Al-Ahmad et al. 
2006).  
Transgenic rape plants had much higher yield than non-transgenic plants but were 
less competitive than non-transgenic tall groups. Reproductive fitness of transgenic plants 
was 0% at 2.5-cm and 4% at 5-cm spacing between plants grown in glasshouse relative to 
non-transgenic plants. However, under greenhouse conditions, the reproductive fitness of 
transgenic plants was less than 12% relative to non- transgenic plants. These findings 
reveal that the primary transgene, Δgai, provides the yield in a weed-free transgenic 
oilseed rape, but the dwarf plants could be eliminated when competing with non-
transgenic groups when the selective herbicide was not used (Table 1.2, Al-Ahmad et al. 
2006). 
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3) Corn (Zea mays) 
Genetically engineered (GE) corn was increased in planting acreage since it was 
commercialized in 1996. A major concern was transgene spreading in conventional corn. 
An RNAi cassette for repressing expression of the nicosulfuron detoxifying enzyme 
CYP81A9 and an expression cassette for the glyphosate tolerant 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS) gene G10 were designed and transferred into corn using 
Agrobacterium mediated transformation. The GE corn plants were susceptible to 
nicosulfuron but resistant to glyphosate, which was opposite of conventional corn. In a 
field test, GE corn with silenced CYP81A9 was killed by nicosulfuron at 40 g/ha, that was 
a recommended dose for control of weed in cornfields. This study indicated that a built-in 
containment protocol can be efficient to control the transgenes escape in corn (Li et al. 
2013). 
4) Rice (Oryza sativa) 
A primary transgene was tagged with an RNA interference (RNAi) cassette to 
repress expression of the bentazon detoxification enzyme CYP81A6, which makes 
transgenic plants of rice susceptible to bentazon, an herbicide utilized to control weedy 
rice. Transgenic plants were generated using a new glyphosate resistant 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS) gene from Pesudomonas putidaas.  
The transgenic plants were highly susceptible to bentazon but resistant to glyphosate, 
which is the opposite of conventional rice (Table 1.2). 
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Table 1.2 Transgenic mitigation in crops species 
Crop Primary transgene Mitigator Reference 
Tobacco ahasR for herbicide 
resistance (HR) 
 




Oilseed rape ahasR for HR  Dwarf gene ∆gai  Al-Ahmad et al. 2006 
Corn 5-enolpyruvylshikimate-
3-phosphate synthase 




Li et al. 2013 
Rice  EPSPS for HR  Bentazon 
detoxification enzyme 
CYP81A6_RNAi 
Lin et al. 2008 
Note: this table is modified from (Lin et al. 2008). 
1.2.2 Natural genes for seed dormancy 
1.2.2.1 QTL for seed dormancy  
A quantitative trait locus (QTL) is defined as a genomic segment delimited by 
flanking markers where genotypic variation correlates with the phenotypic variation of a 
quantitative trait. Usually, a QTL region contains many genes that have no impact on the 
trait, or only the QTL underlying gene(s) are responsible for the trait variation. Therefore, 
utilizing polymorphism (molecular or sequence information) related to the regions of 
QTL is a method to progress the efficiency of selective breeding by targeting the regions 
that control the variance of the target trait (Martínez et al. 2016; Bobe et al. 2016). 
Several QTL for seed dormancy have been reported in rice (Table 1.3). 
Of the eleven dormancy QTL that have been reported (Table 1.3), many (qSD1, 
qSD3, qSD4, qSD6, qSD7-1, qSD7-2, qSD8, and qSD12) have the dormancy-enhancing 
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alleles from the weedy rice SS18-2. However, dormancy alleles of QTLs (qSD1-2, and 
qSD10) were derived from the rice breeding line EM93-1., and the qSD5 was derived from 
the cultivated rice line, ‘Nipponbare’. The qSD7-3 was derived from a strain of Asian 
common wild rice (Oryza rufipogon Griff.), W1944, which is a perennial and partially 
outbreeding strain originally collected in China. Also, qSD-11 was derived from a typical 
indica variety ‘Zhaiyeqing 8’ (ZYQ8). However, in terms of the group of qDORs for QTLs, 
the dormancy alleles were derived from the indica variety Zhaiyeqing 8 (ZYQ8) (Table 
1.3). 
Table 1.3 List of seed dormancy QTLs have reported for rice  
QTL Ch Marker R2 (%) Donor  Reference 
qSD1-1 1 RM220 18 LD Zhang et al. 2017 
qSD1-2 1 RM520 11 EM93-1 Ye et al. 2010 
qSD3 3 RM520 9-11 SS18-2 Ye et al. 2010 
qSD4 4 RM252 6-8 SS18-2 Gu et al. 2005b 
qSD5 5 R830 7.5 Nip Lin et al. 1998 
qSD6-1 6 RM314 6 LD Zhang et al. 2017 
qSD6-2 6 RM587 7 LD Zhang et al. 2017 
qSD6-3 6 RM528 8 LD Zhang et al. 2017 
qSD7-1 7 RID12  10-20 SS18-2 Gu et al. 2004 
qSD7-2 7 RM346 8-17 SS18-2 Ye et al. 2010 
qSD7-3 7 RM5508- 8.2 red rice  Subudhi et al. 2012 
qSD8 8 RM531 7-10 SS18-2 Gu et al. 2005b 
qSD9 9 RM524 (-1) 4 LD Zhang et al. 2017 
qSD10 10 RM271 8-42 EM93-1 Ye et al. 2010 
qSD11 11 RZ638-G320 12.1 Zhaiyeqing 8  Guo et al. 2004 
              (to be continued) 
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(Table 1.3 continued) 
QTL Ch Marker R2 (%) Donor  Reference 
qSD12 12 RM270 14-28 SS18-2 Gu et al. 2005  
qDOR-2 2 Amp1-RZ476 8.4-11.2 W1944 Cai and Morishima 
2000 qDOR-3-1 3 G144- 13.3-16.7 W1944 
qDOR-3-2 3 C12-Pgi1 8.4 W1944 ’’ 
qDOR-3-3 3 R1927- 13.7-14.7 W1944 ’’ 
qDOR-5-1 5 RZ296- 7.2-8.4 W1944 ’’ 
qDOR-5-2 5 Bh2-R521 7.3 W1944 ’’ 
qDOR-6-1 6 Pgi2-Amp3 15.5 W1944 ’’ 
qDOR-6-2 6 R2171- 8.4-12.6 W1944 ’’ 
qDOR-8 8 RG181-Amp2 10.7-11.7 W1944 ’’ 
qDOR-9-1 9 Awn-Est12 7.2-7.6 W1944 ’’ 
qDOR-9-2 9 RZ792-C506 10.2 W1944 ’’ 
qDOR-11-1 11 G24-RZ141 8.1 W1944 ’’ 
qDOR-11-2 11 RZ141- 8.1-21.8 W1944 ’’ 
qDOR-11-3 11 G257- 8.8 W1944 ’’ 
qDOR-11-4 11 CDO365-C6a 6.9 W1944 ’’ 
qDOR-11-5 11 R1465- 11.8 W1944 ’’ 
qDOR-11-6 11 RG1109- 12.6-16.1 W1944 ’’ 
R2 = heritability 
1.2.2.2 Genes cloned from seed dormancy QTL 
 Several other QTLs for seed dormancy have been cloned from species that 
include Arabidopsis thaliana, Oryza sativa, Wheat, Barley, Soybean, and other (Table 
1.4). The DOG1 QTL has been identified in Arabidopsis thaliana but its molecular 
physiological function is unknown (Bentsink et al. 2006a). However, the SD1-2 QTL was 
identified in rice (Oryza sativa) and its physiological role of Gibberellin synthesis, is 
associated with endosperm-imposed dormancy and plant height in rice (Ye et al. 2015; 
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Zhang et al. 2017a). The class II KNOX gene, KNOX4, QTL was detected in soybean and 
its physiological role is in encoding calcineurin-like protein, GmHs1-1, which was 
isolated by map-based cloning to contribute to absorb water easily. The function of this 
QTL controls physical dormancy by regulating seed-coat cuticle development (Chai et al. 
2016). 
Table 1.4 List of seed dormancy QTLs cloned from plant species 
Species QTLa Gene & Functionb References 
Arabidopsis 
thaliana 
DOG1 At5g45830, unknown function  Bentsink et al. 2006 
RDO2 TFIIS  Liu et al. 2011 
HUB C3HC4 ring finger Liu et al. 2007 
Oryza sativa Sdr4 unknown protein Sugimoto et al. 2010 
SD7-1 ABA & flavonoid synthesis Gu et al. 2011 
SD1-2 GA20-oxidase Ye et al. 2015 
MTF Phosphatidylethanolamine-binding protein Liu et al. 2013 
Barley SD1 
SD2 
A QTL designated Qsd2-AK at SD2 as 
the single major determinant 
Gong 2013; 
Nakamura et al. 2016 
Soybean KNOX4 Controls physical dormancy by 
regulating seed-coat cuticle development 
Chai et al. 2016 
a QTL name 
b Predicted molecular function of cloned QTL 
1.2.2.3 SD7-1 and Rc 
SD7-1 was delimited to the Os07g11020 or Rc locus, which was annotated a basic 
helix-loop-helix (bHLH) family transcription factor gene by an intragenic recombination 
(Gu et al. 2011). The SD7-1/Rc pleiotropic gene enhances expression of abscisic acid 
(ABA), resulting in increased seed dormancy, and also activates a set of eight genes 
controlling flavonoid biosynthesis to induce pigments in cells of the pericarp tissue. It is 
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expected that silencing SD7-1/Rc could reduce the ABA content and seed dormancy and 
block flavonoid biosynthesis to produce white pericarp colored seeds, both resulting in   
an increase in germination at maturation (Fig. 1.5).  
 
Fig. 1.5 A regulatory model of SD7-1/Rc for germination. 
The model is developed based on Gu et al. (2011). 
1.2.3 Rice and weedy rice  
Weedy rice (Oryza sativa) is a close relative of domesticated rice and occurs in 
production fields worldwide. Management of weedy rice remains difficult for growers 
because of its morphological and physiological similarity to domesticated rice cultivars 
(Sudianto et al. 2013). In the Americas and Europe, weedy rice is considered a seed 
contaminant, and different types have developed as a result of hybridization with 
cultivars. In production areas where cultivation has been emphasized for many years, as 
in the USA, other countries in the Americas, Mediterranean regions and Southern 
Europe, the most significant and harmful types of weedy rice possess a red pericarp. It 
has been shown that in cultivated production areas weedy red rice as one of the most 
troublesome, hard to control, and economically damaging weed problems (Delouche et 
al. 2007). 
The introduction of ClearField® (CL) rice provides a potential solution as an extra 










fields of rice in the southern U.S. However, constant application of the imidazolinone 
herbicides (imazapic, imazamox, and imazethapyr) in CL will increase the likelihood of 
evolution towards resistance to acetolactate synthase (ALS)-inhibitor herbicides in weedy 
rice. Commercialization progress of CL was summarized in 15 countries across the 
continents of Asia, Europe and America. In several countries, examples of 
imidazolinone-resistant weedy rice outcrosses have been plentiful and eliminate the 
advantage of ClearField® technology. Because the CL does not include any microbial 
transgene, it is considered a safe product as it is not GE crop. The imidazolinone 
herbicide to animals is relatively harmless because the ALS biosynthetic pathway exists 
only in plants and some types of bacteria (Sudianto et al. 2013) . 
ClearField® technology is an advantageous tool in management of weedy rice 
because the imidazolinones herbicide has soil activity. Some scientists indicate that when 
combined with other herbicides such as imazethapyr, enhanced season-long weed control 
can be achieved in production areas. In the southern USA, imazethapyr herbicide is 
important as a base component of different site-specific, pre- and post-emergence weed 
management programs that contain several modes of action such as cyhalofop, 
thiobencarb, clomazone, quinclorac, propanil, bensulfuron, pendimethalin, and others 
(Sudianto et al. 2013). 
Because of these characteristics, commercialization of CL proceeded easily 
without the regulatory requirements of transgenics. However, researchers are concerned 
about resistance genes flowing to weedy rice and thus negating the technology as an 
option. In the U.S., it was expected that the technology would be useful for only 8-10 
years because of outcrossing and the resulting evolution of resistance into weedy rice. 
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Today, the technology remains useful in the southern U.S. for managing weedy rice 
through combining with other herbicides possessing different modes of action to achieve 
season-long weed control. However, the situation in tropical areas may be significantly 
different (Sudianto et al. 2013). 
ClearField® rice is a resistant to the chemical group of herbicides called 
imidazolinones, which were developed by natural genetic change (Croughan 2014). The 
CL technology is important because it has more effect on production of Louisiana rice 
than other new technologies. This technology gives a permission for the chemical control 
of red (weedy) rice in a field of rice production. Red rice is a deleterious weed in 
production of rice, and it is a nearby genetic relative of commercial rice, belonging as 
cultivated rice to the same species (Oryza sativa). Because they are so closely related, it 
is hard to generate or develop a herbicide to use it in the same field to kill red rice 
without harming the commercial rice (Linscombe 2015).  
1.2.4 Gene silencing techniques  
Several methods can be used to silence genes, such as RNAi (RNA interference), 
CRIPSPR-cas9 (clustered regularly interspaced short palindromic repeats), TALEN 
(transcription activator-like e-ector nuclease), and ZFN (zinc finger nuclease). This 
research used the RNAi technique to silence seed dormancy genes.  
1.2.4.1 RNA interference  
1) Concept and mechanisms 
RNA interference (RNAi) is a molecular mechanism regulating gene expression 
at the post-transcriptional level (Latterich 2008). In the past decade, much progress has 
been achieved in understanding gene silencing mechanisms, such as, pathogen-derived 
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resistance, microRNA (miRNA) regulation, and post-transcriptional gene silencing 
(PTGS), in plants (Karthikeyan et al. 2013). RNAi is triggered by double-stranded RNAs 
(dsRNA) of 20 to 25 base pairs (bp) to silence a targeting gene by cleaving the 
complementary mRNA (Fig 1.6, Version 2006). 
Two types of small RNAs, hairpin RNA (hpRNA) and micro RNA (miRNA), are 
important in RNAi-induced gene silencing. hpRNA is generated as a result of the folding 
back of two closely positioned complementary sequences from a molecule of single-
stranded RNA (sRNA). This folding assembles the two complementary sequences jointly 
where they will hybridize. hpRNA can be generated from a sequence containing inverted 
repeat sequences (IRS), where one sequence reads in the 5’-3’ direction, and the other 
reads in the 3’-5’ direction. The example that can be given as naturally occurring hairpin 
RNAs is t-RNAs, which is generated from genes encoding respective t-RNAs. A lack of 
stability is minor problem with hpRNA (Williams et al. 2004). Several similarities have 
been detected between miRNA and siRNA in many aspects: (a) they are generate from 
double stranded DNAs; (b) their sizes are  20-30 bp; (c) they are processed by Dicer or 
Dicer-like enzyme (DCL) (Hutvágner et al. 2001); (d) they are also processed by RNA-
induced silencing complex (RISC) for targeting sequences and; and (e) they play an 
important role in the RNAi technique by directing PTGS. They are difference in origin. 
miRNA is originated from genomic DNA, while siRNA is generated from chopping long 
dsRNA into smaller segments (Williams et al. 2004).  
RNAi pathway is located in the cell cytoplasm. Long dsRNA is cleaved into small 
fragments of ~21 nucleotides long by Dicer-like enzyme (DCL). DCL can cleave dsRNA 
precursors and long dsRNAs into miRNAs and siRNAs in an ATP-dependent manner, 
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respectively (Praveen et al. 2012). These small fragments, or small interfering RNAs 
(siRNA), bind to protein called Argonaute multi-domain protein, which possess an 
RNase II-like domain that responsible for target degradation in can cut the mRNA, 
inhibiting the protein synthesis that performs a function (Karthikeyan et al. 2013). After 
binding to an Argonaute protein, they will form RISC. By activating RISC, one strand of 
the dsRNA is removed, and the remaining strand will be available (guide strand) to bind 
to mRNA target sequences based to the base pairing rules (A to U and G to C). Once 
bound, the Argonaute protein can cut the mRNA, inhibiting the protein synthesis that 
performs a function (Fig. 1.6, Karthikeyan et al. 2013). 
2) Applications  
RNAi-mediated gene silencing was successfully applied to recognize genes 
function involved in developmental plant, symbiosis, secondary metabolism, abiotic and 
biotic stresses (Senthil-kumar and Mysore 2010). RNAi represents a post-transcriptional 
gene silencing pathway and it cannot give a guarantee for completely silencing of the 
target genes, but it will only decrease the levels of transcript of the target genes to 
suppress its expression level (Kena 2017). Projects of genome sequencing produce an  
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Fig. 1.6 Scheme of mechanism of RNA interference pathway. 
IRS, Inverted Repeat Sequence to trigger RNAi pathway; RB, Right border of T-DNA; 
LB, Left border of T-DNA; dsRNA, double strand RNA; siRNA, small interfering RNA; 
RISC, RNA-induced silencing complex. This figure was modified from Ali et al. (2010). 
abundance of information. However, the big aim of these projects is to speed up the 
identity of the biological function of genes. The genes functions can be analyzed with a 
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suitable examination by examining the organisms that possess mutations in the gene. 
However, an important genes fraction identified by the projects of sequencing are new 
and cannot be quickly determined the functions by such conventional processes. The 
technology of  RNAi is demonstrating to analyze rapidly the functions of a genes number 
in an extensive variety of organisms (Agrawal et al. 2003). 
RNAi technique was used to develop transgenic crops resistant against viruses in 
Potato and papaya (Fuchs and Gonsalves 2007). Beyond this essential application of the 
RNAi process, researchers have used it in different areas, which can be categorized as 
promoting defenses of plant against attacks of pest, and adjustment of metabolic 
pathways for a much-desired product (Eamens et al. 2008). 
Recently, the hairpin construct of the transgene knocked down the theobromine 
synthase of the coffee plant, causing the production of decaffeinated coffee plants 
(Viswanath et al. 2003). Additionally, the technique of RNAi has widely used to remold 
pathways of metabolism in various crops. Such technique was utilized to promote the oil 
quality of seed oil of cotton (Liu et al. 2002). Aside from using the technology of RNAi 
is to promote the nutritive value of crop. However, other scientists were applied RNAi to 
adjust the pathways of photosynthesis in algae to raise their bioreactor yields (Mussgnug 
et al. 2007). 
The technology of RNAi was utilized to develop a strategy of transgenic 
mitigation (TM) to decrease the risk of transgene escape from transgenic crops to their 
wild/weedy conspecific relatives (Kena 2017). The RNAi technology is unlikely to 
substitute the present strategy of knockout, but it might have a huge effect for such 
organisms that are not able to the knockout technology. It might also be a method to 
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study the simultaneous functions of analogous genes in organisms in which redundancy 
exists with respect to a special function, because several of such genes could be silenced 
together (Agrawal et al. 2003). 
3) RNAi efficiency 
A tobacco endoplasmic reticulum ω-3 fatty acid desaturase (NtFAD3) was 
identified as the major production enzyme of α-linolenic acid of root membrane lipids. 
Tobacco hairy roots transferred accompanying the RNAi vectors against the NtFAD3 
gene displayed a reduction in content of α-linolenic acid (Hirai et al. 2007). The RNA 
silencing frequency was more influenced by spacer sequence than by spacer length, and 
that was at least between100 and 1800 bp. Several factors could affect on RNAi silencing 
efficiency: (1) effect of promoter strength; (2) effect of vector design; (3) effect of intron 
spacers (Hirai et al. 2007). 
RNAi technology has showed its capability to control insect pests. However, the 
RNAi efficiency can differ between the different insect orders. In many RNAi insect 
species, the decrease of gene expression was lower than 60%. On the other hand, the 
decrease of gene expression in RNAi sensitive coleopterans was more than 90%, requires 
only tiny doses and the influence could be long lasting and even hereditary. This 
evidence clearly refers that some barriers are affecting efficiency of RNAi in insects 
(Joga et al. 2016). 
The transgene-induced RNAi efficiency among several target genes was not 
compared systematically. However, the RT-PCR protocol was designed to, suggesting 
use of a single internal standard over a wide range of target levels of gene expression. 
Utilizing this protocol in an analysis of transgenic Arabidopsis thaliana RNAi lines 
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targeting 25 different endogenes displayed that homozygous, single copy T4 lines 
targeting the same gene usually minimize transcript levels to the same extent. While 
multiple copies RNAi lines varied in the reduction degree of target gene expression and 
never exceeded the impact of single copy transgenes. The greatest reduction of target 
transcript levels differed among targets. These observations indicate that each target 
sequence has an inherent degree of susceptibility to the dsRNA-mediated degradation 
(Kerschen et al. 2004).  
1.2.4.2 CRISPR technique 
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)/Cas9 
system represents a natural technique of bacterial immune system to prohibit the infection 
of viruses. In genome engineering applications, guide RNA (gRNA) sequence homology 
targets Cas9 endonuclease to a given locus, where it produces a double stranded break 
(DSB). Same as Zinc Finger Nucleases (ZFNs) and Transcription Activator-Like Effector 
Nucleases (TALENs), CRISPR/Cas9 use homology-directed repair (HDR) but utilizing 
of RNA to identify editing makes the system time-consuming and less expensive, and 
more accurate and scalable. For such desired and rational reasons, CRISPR/Cas9 has 
proven to be fabulously valuable for high level of throughput of genome engineering. 
Another function of CRISPR/Cas9 is its ability to target multiple loci in one organism. 
CRISPRs are more reachable to the community of research than other technologies such 
as TALENs (Addgene 2017) 
CRISPR system was derived from the bacteria Streptococcus pyogenes, which 
requires to express a catalytically inactive Cas9 protein and a customizable single guide 
RNA (sgRNA). The complex of Cas9/sgRNA kinks to elements of DNA complementary 
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to the sgRNA, leading a steric block that prevents transcript elongation and suppresses 
the target gene (Larson et al. 2013). 
 
1.3 Rationale and objectives of this dissertation project 
1.3.1 Rationale   
Seed dormancy is a major adaptive trait for weed plants and reduced seed 
dormancy was proposed as a factor that could be used to mitigate transgene flow (Gressel 
1999). Although several genes for seed dormancy were map-based cloned, many of them 
are unknown for molecular functions or have been reported for the presence in weed 
species (Table 1.4). SD7-1/Rc would be the best candidate gene used to prove the 
transgene-mitigation concept (Gu et al. 2011). This is because SD7-1/Rc is known for 
molecular functions and is involved in ABA for dormancy induction and flavonoid 
biosynthesis (red color). 
Silencing SD7-1/Rc could reduce seed dormancy, promote germination, and also 
produce white pericarp colored seeds, which is similar to the mutant allele rc in 
cultivated rice. Therefore, silencing SD7-1/Rc can reduce adaptability of weedy rice but 
does not influence agronomic and yield characteristics. 
1.3.2 Objectives 
Previous research has developed transgenic lines for the Bar::IRSSD7-1::IRSSD12  
tandem construct and detected its effects on seed dormancy and pericarp color in the F1 
but not in the F2 and higher generations. Questions to be answered about the Bar::IRSSD7-
1::IRSSD12 construct include: 1) what is the inheritance pattern of the complex transgene 
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in segregating populations, and 2) if the mitigating effects on seed dormancy and pericarp 
color could be transmitted to the next generations in a stabile manner. 
Objectives of this study were: 1) to evaluate effects of the Bar::IRSSD7-1::IRSSD12 
construct on herbicide resistance, seed dormancy, and pericarp color in an F2 populations; 
and 2) to validate the RNAi efficacy on seed dormancy and pericarp color in more inbred 
generations such as  F3 and F4.  
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Chapter 2. Genetic analysis of the Bar::IRSSD7-1::IRSSD12 transgene and weed traits 
in an F2 population of rice 
2.1 Introduction 
Gene flow from a genetically engineered crop (GEC) into wild relatives could 
produce new weed genotypes if the transgenic phenotype has a selective advantage in 
agroecosystems. Such new genotypes of weedy plants are difficult to control, as they 
combine a fitness-enhancing transgene (e.g., the Bar gene for herbicide resistance or HR) 
with natural genes for weed adaptive traits (e.g., seed dormancy and shattering). To 
reduce the risk of transgene flow, it was proposed to link a mitigating factor with a 
primary transgene as a tandem construct for transformation, and the mitigator’s effect 
could offset the transgene’s effect when the linked construct is escaped to the genome of 
a weedy plant (Gressel 1999). The proposed mitigating factors include genes that have a 
neutral or positive effect on crop plants but have a negative effect on weed adaptation, 
such as reduced seed dormancy (SD), seed shattering and plant height. This research was 
conducted to prove the concept using SD genes to design a transgene mitigating factor.  
Several genes for SD were cloned from weedy rice and characterized for 
molecular functions. For example, SD7-1 is identical to the red pericarp color gene Rc 
encoding a predicted transcription factor (TF) (Sweeney et al. 2006a). This TF gene 
promotes the biosynthesis and accumulation of the dormancy-inducing hormone abscisic 
acid (ABA) to enhance seed dormancy, and also activates the flavonoid pathway in the 
lower epidermal cell layer of the pericarp tissue to produce red pigments (Gu et al. 2011). 
The SD7-1/Rc gene is functional weedy red rice, but not in cultivated rice. Thus, 
silencing SD7-1/Rc could simultaneously influence or block the ABA and flavonoid 
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biosynthesis pathways, resulting in reduced adaptability of weedy rice, but have no 
effects on cultivars.  
  The previous research in our lab developed transgenic lines for the tandem 
construct Bar::IRSSD7-1::IRSSD12. The construct consists of the primary transgene Bar for 
HR and inverted repeat sequences (IRSs) from SD7-1 or SD12 to silence the SD genes by 
an RNA interference mechanism (RNAi) (Kena 2017). The recipient parent of the 
tandem construct is Nipponbare (Nip), which is a japonica-type cultivar and natural 
mutant for both SD7-1 and SD12. Recent research in our lab revealed that the SD12 QTL 
contains three tightly linked genes (SD12a, b and c) and each has a relatively small effect 
on seed dormancy (Feng et al. 2016). The IRSSD12 was designed based on the cDNA 
sequence of SD12a. Thus, this research was focused on SD7-1/Rc.  
To mimic transgene flow into weedy rice, a cross between a Bar::IRSSD7-
1::IRSSD12 transgenic plant and a pure line of weedy red rice was made in the previous 
research. Silencing effects of the transgene on both seed dormancy and red pericarp color 
were observed in the hybrid F1 plants (Kena 2017). To determine effects of the 
Bar::IRSSD7-1::IRSSD12 construct in a complex genetic background, an F2 population from 
the cross was evaluated for the transgenic and weed adaptive traits, genotypic 
polymorphism and marker-trait associations in this research. 
The objectives of this research were: 1) to determine inheritance patterns for the 
transgenic trait (herbicide resistance), weed characteristics, and major agronomic traits in 
an F2 population; and 2) to evaluate silencing effects of the Bar::IRSSD7-1::IRSSD12 
construct on SD7-1/Rc and SD12. 
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2.2 Materials and Methods 
2.2.1 Plant materials  
The cultivar Nipponbare (Oryza sativa subs. japonica) was selected as the 
recipient of the Bar::IRSSD7-1::IRSSD12 construct for transformation. Nipponbare (Nip) 
has domestication-related characters, such as weak seed dormancy, white pericarp color, 
and no awn. The weedy rice accession Ludao was selected for hybridization to mimic 
transgene flow into weedy rice. Ludao (LD) has wild-type characters, such as strong seed 
dormancy, red pericarp color (RcRc) and long awn (Table 2.1). Nip and LD contain the 
dormancy-reducing and -enhancing alleles, respectively, at both SD7-1 and SD12 (Zhang 
et al. 2017a). 











Nipponbare (Nip) O. sativa subsp. 
japonica 
weak white straw none Japan 
Ludao (LD) O. sativa, 
weed form 
strong red black long China 
 
2.2.2 The Bar::IRSSD7-1::IRSSD12 construct 
The tandem construct consists of three components: Bar, IRSSD7-1 and IRSSD12. 
Bar is the bialaphos resistance gene originally isolated from the bacteria Streptomyces 
hygroscopicus and has a function for resistance to the glufosinate herbicides (Ujváry 
2010). The Bar gene serves as a primary transgene to produce herbicide resistance (HR). 
IRSSD7-1 and IRSSD12 are inverted repeat sequences (IRS) selected from cDNAs of SD7-1 
 38 
(270 bp) and SD12 (260 bp), respectively (Fig. 2.1). Each IRS has two copies that are 
arranged in opposite direction and separated by a linker in the construct (Fig. 2.1) to 
generate a hairpin RNA loop after transcription (Miki and Shimamoto 2004). The hairpin 
structures from SD7-1 and SD12 could induce RNAi to silence the seed dormancy genes 
by posttranscriptional regulation. Therefore, the IRSSD7-1::IRSSD12 part serves as a 
mitigating factor for the herbicide resistance gene. The construct (Fig. 2.1) was 
introduced into Nipponbare by Agrobacterium-mediated plant transformation. The 
transgenic T0 plants were grown in a greenhouse and identified for herbicide resistance 




Fig. 2.1 The tandem construct Bar::IRSSD7-1::IRSSD12. 
The construct (bottom panel) was developed by combining the primary transgene Bar and 
inverted repeat sequences (IRS) of SD7-1 (red arrows) and SD12 (blue arrows) into one 
vector for transformation. The two IRSs were isolated from weedy rice at SD7-1 and 
SD12 (top panel). Both IRSs were linked together, inserted into the cloning vector, and 
combined with Bar in the destination vector (middle panel); RB, right border; of the 
construct; NPT II, Kanamycin resistance gene; Ubq pro, Maize ubiquitin1 promoter; 
IRSSD7-1::IRSSD12, IRSs separated by a gus linker; NOSt, NOS terminator; Bar, herbicide 
resistance gene with Ubq promoter; HPT, Hygromycin phosphotransferase gene; and LB, 
left border. 
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2.2.3 Development of an F2 plant population 
An herbicide-resistant T0 plant with one copy of the Bar::IRSSD7-1::IRSSD12 
transgene was selected to cross with the weedy rice line LD to develop a segregating 
population (Fig. 2.2). The T0 plant was hemizygous for the transgene. Thus, the resulting 
F1 plants were resistant or susceptible to the glufosinate herbicide. The herbicide-resistant 
plants were self-pollinated to generate an F2 population segregating for the transgene and 





Fig. 2.2 Breeding scheme used to develop an F2 population. 
See Fig. 2.1 for the construct Bar::IRSSD7-1::IRSSD12. LD, a weedy rice line and 
homozygous for the red pericarp color gene Rc; The transgenic T0 and F1 plants were 
determined by both Southern Blot and herbicide resistance assessments (Kena 2017); The 
selected F2 population segregated for the Bar::IRSSD7-1::IRSSD12 construct, weed 
characteristics and agronomic traits. 
2.2.4 Plant cultivation, and seed harvest and storage 
The F2 seeds were dried in a greenhouse for more than three months to break seed 
dormancy before germination. Germination was conducted in an incubator at 30 °C for 4 
and 7 days. Germinated seeds were transferred to 200-cell Plug 30 Trays, with one plant 
per cell, and cultured with the nutrition solution (Yoshida et al. 1976). Seedling at about 3 
Transgenic T0 plants (rcrc) 
(Hemizygous Bar::IRSSD7-1::IRSSD12)   
 Ludao (RcRc)  
(weedy rice)  
HS F1 plants 





HR F1 plants 
F2 population 
Ä 
(288 F2 plants were evaluated for HR/HS and other traits) 
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weeks old were transplanted in pots, with one plant per pot. The pots (12 cm×12 cm×15 
cm dimensions) were filled with clay soil mixed with greenhouse medium (Sunshine Mix 
#1; SUNGRO Horticulture Ltd., Canada) and placed in plastic containers to facilitate 
watering during plant growth and development. Plants were tagged for flowering time 
when the first panicle in a plant engendered from the leaf sheath. Seeds were harvested at 
40 days after flowering. The harvested seeds were cleaned by removal of immature seeds 
then placed in the envelopes. The mature seeds were air-dried in the greenhouse for 3 
days, and then stored at -20 °C freezer to preserve the dormancy status. 
2.2.5 Phenotypic identifications for transgenic, weed and agronomic traits 
2.2.5.1 Herbicide resistance  
All F2 plants were examined for the presence and absence of the Bar::IRSSD7-
1::IRSSD12 construct by resistant and susceptible responses to both hygromycin B and 
glufosinate. The hygromycin resistance is conferred by the selective gene HTP on the 
destination vector (Fig. 2.1). To make the hygromycin reagent, 4 g of phytagel was 
resolved in 196 ml of ddH2O by heating and the solution was autoclaved at 121°C for 20 
min. Add 800 µl of the Hygromycin B antibiotic to the solution to obtain the 
concentration of 50 mg/ml. This mixture was placed in a 9-cm Petri dish lined with 
Whatman No. 1 filter paper, covered with folio, then placed in a 4 °C refrigerator until 
use. For the hygromycin assessment, 2 leaf fragments from a seedling were placed on the 
culture medium in Peri dishes at the room temperature for 3 to 4 days. Resistant and 
susceptible plants show green and yellow colors, respectively (Fig. 2.3A, Chen et al. 
1998; Goldbio 2018). 
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Resistance to glufosinate is conferred by Bar in the tandem construct. Reagent 
was made by adding 50 µl glufosinate to 50 ml ddH2O to obtain 0.1% (v/v) solution. The 
solution was applied by painting a 2-cm section of young leaf. Resistant or susceptible 













Fig. 2.3 Images showing plants resistant (R) or susceptible (S) to hygromycin (A) or the 
glufosinate herbicide (B & C). 
Red spots in (Figure B) indicate the leaf segments painted with the glufosinate solution at 
5 days ago. 
2.2.5.2 Seed dormancy (SD) 
The SD degree was measured by percentage of germination of partially after-










temperature (25 °C) for 15 or 30 days. The time period (d) of after-ripening (DAR) for a 
segregating population was determined based on a preliminary test. Germination testing 
was performed utilizing a standard protocol (Gu et al. 2003). Three replications of seeds 
from a plant were used to evaluate seed dormancy at 15 and 30 DAR. About 50 seeds for 
a replication were placed in the 9-cm Petri dish lined with Whatman No. 1 filter paper, 
wetted with 8 ml of deionized water, and then incubated at 30 oC and 100% relative 
humidity in the dark for 7 days. Germinated seeds were counted for those with the radicle 
or coleoptile protrusion from the hull by ³ 3 mm. 
2.2.5.3 Pericarp color (PC) 
Pericarp is the fruit (caryopsis) coat and is a maternal tissue enclosing a true seed. 
A pericarp may contain red or brown (colored) pigments in wild or weedy rice (Oryza 
sativa) (Langevin et al. 1990). Cultivated rice usually has no pigment in the pericarp 
tissue. Thus, red or brown pericarp colors are wild type of adaptive significance, while 
white pericarp is a mutant type selected for domestication. The genetic differentiation in 
the pericarp color trait is mainly controlled by the dominance gene Rc, with the RcRc and 
Rcrc genotypes having red or brown pericarp color and the rcrc genotype having white 
pericarp color. Seeds from individual F2 plants were visually scored as colored (red or 
brown) or white, which were coded as 1 and 0, respectively, for data analysis.  
2.2.5.4 Hull color (HC) 
 A hull consists of a lemma and a palea that enclose a caryopsis to protect the seed 
(Ebenezer et al. 1990). The hull structures usually contain phenolic compounds, which 
are back color and contribute to seed preservation after dispersal from the mother plant 
(Yang et al. 2018). Cultivated rice usually has straw-colored hulls, which is a mutant type 
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selected for domestication. The black hull character was associated with the QTL HC4 or 
the gene Bh4 on chromosome 4 (Gu et al. 2005b; Zhu et al. 2011; Vigueira et al. 2013; 
Zhang et al. 2017b). The F2 plants were visually scored for the black and straw hull 
colors, which were coded as 1 and 0, respectively, for data analysis.  
2.2.5.5 Awn  
Awn is a needle-like appendage stretched from the terminal end of a lemma. Awn 
functions in assisting the movement of seed into wet soil (Peart 1979). The awn presence 
is wild-type, and awnless is mutant. The trait awn differs in length and in the awned-
seeds percentage in a segregating population. Consequently, the F2 plants were measured 
for mean length and the percentage of awned seeds in a random sample of >50 seeds 
(Zhang et al. 2017a).  
2.2.5.6 Flowering time (FT) 
Flowering in favorable conditions is important for plant reproduction. Rice 
(Oryza sativa L.) is short-day plant, as its flowering can be promoted by shorter 
photoperiods (Vergara and Chang 1986). Rice is grown from the tropical, subtropical to 
temperate regions. FT is one of the most important factors in rice breeding (Ogiso-
Tanaka et al. 2013). The F2 plants were recorded for flowering date by tagging the first 
panicle appearing from the leaf sheath. The period (days) from germination to flowering 
was used for data analysis. 
2.2.5.7 Plant height (PH) 
Plant height is a major agronomic trait, which influences plant architecture, 
logging resistance, and yield components (Ebenezer et al. 1990). The semi dwarf 
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character has been selected for rice cultivars. However, short plants are less competitive 
in weed populations and also reduce the efficiency of photosynthesis and yield (Sweeney 
et al. 2006a; Wang et al. 2016). The F2 plants were measured for PH or the length of the 
main stem from the soil surface to the top of the panicle of a plant at harvesting. 
2.2.6 Marker genotyping 
1) Marker selection and primer synthesis 
Simple sequence repeat (SSR) and insertion/deletion (InDel) markers were 
selected from genomic regions containing the target genes SD7-1 and SD12, or QTL for 
the weed traits pericarp color, hull color and awn length (Gu et al. 2005b; Zhang et al. 
2017b). Primer sequences for the markers were obtained from the database 
(www.gramene.org). New markers were developed based on the reference genome 
sequence of Nipponbare (see www.gramene.org). Primer sequences for the new markers 
are listed in Appendix 2.1. All PCR primers were synthesized at the company of 
Integrated DNA Technologies (www.idtdna.com). The markers were first used to 
estimate a polymorphism between Nip and LD, Polymorphic markers were then used 
genotype the F2 population. 
2) DNA extraction 
Young leaf tissue was sampled from each of the F2 plants and the parental plants 
to extract genomic DNAs. The cetyl trimethylammonium bromide (CTAB) method 
(Doyle and Doyle 1987) was used for DNA extraction. The fresh leaf fragments were 
placed in 1.5 ml microcentrifuge tubes and grounded into powder in a cryogenic liquid 
nitrogen. The ground tissue was incubated with the CTAB solution (2% Hexadecyl 
trimethyl-ammonium bromide, 100 mM at pH8.0 Tris-HCl, 1.4 M NaCl, 20 mM EDTA, 
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and 0.2 % β-Mercaptoethanol) in a water bath at 55 °C for 30 min. An equal volume of 
CTAB buffer and chloroform were added, gently mixed for 5 min, and centrifuged at 
13000 rpm for 20 min. at 4°C. The supernatant was transferred into a new 1.5 ml tube 
and mixed gently with 0.7 ml of ice-cold isopropanol for 1 min, and incubate at -20 °C 
for 10 min. The sample was centrifuged at 13000 rpm for 10 min. at 4°C. Supernatant 
was transferred without disturbing the DNA pellet. The DNA pallet was washed twice 
with ice-cold 70% ethanol, air-dried in a lab hood to eliminate the residual ethanol, and 
re-suspended in TE buffer (10mM Tris at pH8, and 1mM EDTA) in a water bath at 55 
°C. The concentrations and qualities of DNA were quantified with a Thermo Scientific 
NanaDropTM2000 Spectrophotometer. 
3) Polymerase chain reaction (PCR) 
PCR for the SSR and InDel markers was performed in 20 μL volume, containing 
50 ng DNA template in a 96 well plate, 3 μL 5×Green GoTaq® reaction buffer (Promega, 
Madison, WI), (Gu et al. 2004), 200 μM dNTP, 20 μM forward and reverse primers, and 
0.2 unit of Taq polymerase. The PCR procedure includes: 1) the initial denaturation at 94 
°C for 2.5 min; 2) 40 cycles of denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, 
and extension at 72 °C for 30 s, and 3) the final step at 72 °C for 10 min. The PCR 
products were stored in a -20 °C freezer before electrophoresis.  
4) Gel electrophoresis and imaging 
The PCR products were analyzed for the size differentiation on a 6% non-
denaturing polyacrylamide gel. The gel solution contains 6% acrylamide, 0.1% APS, 
0.01% TEMED (tetrametylethylenediamine), and 0.5×TBE buffer. Electrophoresis was 
run at 300 Volt for 2-3.5 h. The gel was imaged under UV light and recorded using the 
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AlphaEaseFCTM (Alpha Innotech) gel imaging system. Marker scoring was performed 
based on the bands of DNA fragments. Specifically, marker genotypes were scored as 0 
for a Nip-like homozygote, 1 for a heterozygous, or 2 for a LD-like homozygote for data 
analysis. 
2.2.7 Bulked segregant analysis of the transgene 
 Bulked segregant analysis (BSA, Michelmore et al. 1991) was tried to map the 
Bar::IRSSD7-1::IRSSD12 T-DNA insertion on the genome. Genomic DNAs from 10 
herbicide resistant (R) and 10 herbicides susceptible (S) F2 plants were merged in equal 
quantity to develop a R and an S pool, respectively. DNA samples from the R pool, the S 
pool, LD and Nip were genotyped with the polymorphic markers. A marker that is also 
polymorphic between the R and S pools, based on the intensity of PCR products on a 
polyacrylamide gel, was selected to genotype individual F2 plants to confirm its linkage 
with the Bar::IRSSD7-1::IRSSD12 transgene.  
2.2.8 Data analysis 
Chi-Square test was used to test if segregation ratios for the herbicide resistance, 
pericarp color, hull color or markers fit specific Mendelian expectations.  
Frequency distribution mean and standard variation of a population or 
subpopulation, genotypic frequencies and allelic frequencies were calculated with 
functions in the Microsoft excel file.   
Linear correlation analysis was conducted to estimate the strength of associations 
between the tested traits or between marker genotypes and the traits. Correlation 
coefficients were estimated using R Studio programming (Version 1.1.463). 
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2.2.9 Linkage map and QTL analysis 
Marker genotype data were used to develop partial linkage maps for the SD7-1 
and SD12 regions. The maps were constructed using MAPMAKER/EXP 3.0 (LincOLN 
et al. 1992). Markers were grouped at the minimum likelihood rate threshold of 3.0, a 
maximum distance of 40 cM, and at LOD of 2.0. Genetic distances for the maps in 
centiMorgan (cM) were derived using Kosambi’s map function (Kosambi 1944). 
QTL analysis was conducted using a single marker analysis (SMA) method. 
Correlation analysis and one-way ANOVA were used to screen for markers significantly 
associated with a trait variation in the F2 population. The markers of a significant 
association were used to estimate additive (a) and dominance (d) effects, and heritability 
(R2) using the linear regression model:  
yj = μ + axi + dzi + ɛj      Eq. 2.1 
Where, yj, the trait value for plant j (j=1, 2, 3 … N or the population size); μ, the model 
mean; xi, the dummy variable for the additive component and was coded as -1 for Nip-
like homozygote, 0 for heterozygote, or 1 for LD-like homozygote; zi, the dummy 
variable for the dominance component and was coded as 0.5 for i= 0, or -0.5 for i= -1 or 
1; a and d are the regression coefficients and estimates of the additive and dominance 
effects, respectively; and ɛj, the error term of the model. The ANOVA and linear 
regression analysis were performed using RStudio® 1.1.463 software (Faraway 2002).  
2.2.10 Estimation of gene silencing rate for SD7-1/Rc  
Gene silencing rate was evaluated for SD7-1/Rc, but not for SD12 because it was 
recently determined as a multigenic QTL (Feng et al. 2016). The F2 population was 
divided into three groups based on the gene-based markers, (Sweeney et al. 2006a; Gu et 
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al. 2011), which correspond to the RcRc, Rcrc and rcrc genotypes, respectively. Each of 
the RcRc and Rcrc groups was counted for the colored- and white-pericarp plants. The 
white-colored plants in the RcRc and Rcrc groups contain two copies (homozygous) and 
one copy (heterozygous) of the functional Rc alleles, respectively; their mutant phenotype 
(white pericarp) indicates that the Rc gene was silenced by RNAi at the posttranscription 
stage. Thus, the number of the white pericarp colored plants was divided by the total 
number of plants in the RcRc or Rcrc group to calculate the silencing rate. For some 
plants, it was difficult to distinguish their difference between the red and brown pericarp 
colors. Thus, a brown pericarp plant was treated as a genotype for which the Rc gene was 
not completely silenced or the RNAi was not completely functional. 
 
2.3 Results 
2.3.1 Segregation for the Bar:IRSSD7-1::IRSSD12 transgene 
An F2 population of 288 plants were divided into two groups based on resistant 
(R) or susceptible (S) responses to the glufosinate herbicide and the hygromycin B 
antibiotic, which were effects of the primary transgene Bar and the selective gene HTP, 
respectively, on the tandem construct (Fig. 2.1). Plant responses to the herbicide and 
antibiotic were all consistent. Observed numbers of the R and S plants were 199 to 89, 
respectively (Fig. 2.4). This segregation ratio fits 3:1 for a single dominance gene at the 
probability level of 1%, but not 5% values (Table 2.2). This segregation ratio does not fit 
to either of the two-gene models 9:7 or 15:1 based on Chi-square (c2) values (Table 2.2). 
These results support that there was only one copy of the transgene segregating in the F2 
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population, and the herbicide resistant (HR) is dominant over the herbicide susceptible 
(HS) phenotype. 
 
Fig. 2.4 Frequency distribution for herbicide resistance (HR) and susceptibility (HS). 
The herbicide responses were evaluated at the seedling stage and repeated twice. 
Table 2.2 Fitness test for a segregation pattern observed for herbicide resistance (HR) 





on a single-gene 
model (3:1) 
Expected based 
on a two-gene 
model (9:7) 
Expected based 
on a two-gene 
model (15:1) 
HR 199 216 162 270 
HS 89 72 18 18 
Total 288 288 180 288 
Chi-square (c2) value 5.3* 289*** 299*** 
Note: The c2 threshold values for one degree of freedom is 3.84 and 6.63 at the 
probability levels of 5% and 1%, respectively. 
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2.3.2 Phenotypic variations for weed traits 
2.3.2.1 Seed dormancy 
Seed dormancy (SD) in the F2 population displayed a continuous variation, as 
shown by frequency distributions for germination percentages at 15 and 30 DAR (Fig. 
2.5). At 15 DAR, the distribution skewed to the low end of the percentage scale, with 
mean and standard deviation being 36.2% and 25.9%, respectively (Fig. 2.5A). At 30 
DAR, the distribution is approximately normally and covers the whole percentage scale 
(0-100%), with the mean and standard deviation being 40.1% and 27.4%, respectively 
(Fig. 2.5B). The distribution patterns suggest that the variation of seed dormancy in the 
F2 population could be caused by segregation at multiple loci, including SD7-1 and SD12. 
In addition to genes, DAR also strongly affected the phenotypic variation. 
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Fig. 2.5 Frequency distributions of germination percentages for the F2 population. 
Seed samples from the population were subjected to 15 (A) and 30 (B) days of after-
ripening (DAR) prior to the germination tests. N, the population size, mean, the average 
of N plants, and stdev., the standard deviation. 
2.3.2.2 Pericarp colors 
The F2 plants varied in pericarp color from red, brown to white. The red and 
brown phenotypes were grouped as a colored group because they were difficult to 
distinguish for some plants. There were 178 colored (63%) and 105 white (37%) plants 
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(Fig. 2.6). The Mendelian expectation ratio was tested based on 3:1 for a single 
dominance gene and based on a two-gene model 9:7 and 15:1. This segregation ratio does 
not fit 9:7 and 15:1 ratios and also does not fit 3:1 for a single dominant gene, as the 
colored plants were less than the expectation (Table 2.3). This deviation suggests that the 
Rc gene in some plants was silenced by RNAi.   
 
Fig. 2.6 Frequency distribution for pericarp colors in the F2 population. 
The colored group included plants with red or brown pericarps. 
Table 2.3 Fitness test for a segregation ratio of the pericarp colors in the F2 population. 
**Significant at the probability level of <1%. 
2.3.2.3 Hull colors 
The F2 plants can be basically divided into two groups of phenotypes for the hull 



















Observed plants Expected plants Chi-square value 
(3:1) Colored White Total Colored White Total 
178 105 283 212 71 283 22** 
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back to straw hull-colored plants, which does not fit to Mendelian expectation based on 
3:1 for a single dominance gene and 9:7 for a two-gene model (Table 2.4). These results 
suggested that there could be more than one gene responsible for the variation of hull 
color in the population.  
 
Fig. 2.7 Frequency distribution of the hull color phenotypes in the F2 population. 
N is the population size. 
Table 2.4 Fitness test for segregation ratios for the hull color trait in the F2 population  
Group Observed number 
Expected based 
on a single-gene 
model (3:1) 
Expected based 
on a two-gene 
model (9:7) 
Black 176 215 161 
straw 111 72 18 
Total 287 287 179 
Chi-square (c2) value 202*** 1409***** 


















Phenotypes for hull color
N= 287 plants
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2.3.2.4 Awn  
All 288 F2 plants were measured for the percentage of awned seeds and the awn 
length of seeds on a panicle. The frequency distribution for the percentage awned seed 
was not normal (Fig. 2.8A). More than 70% of the plants had more than 90% awned 
seeds and less than 30% of the plants have no awn, with the population mean and 
standard deviation being 87.1% and 23.8%.  However, the frequency distribution for the 
awn length was approximately normal (Fig. 2.8B). This distribution ranged from 0 to 45 
mm, with mean and standard deviation being 18.6 and 9.8 mm, respectively. 
There is a non-linear relationship between the percentage of awned seeds and awn 
length in the F2 population (Fig. 2.8C). The relation is approximately linear when the 
awn length is less than 10 mm, and has no correlation when the awn length is >30 mm. 
Three types of relationship between the percentage of awned seeds and awn length were 
compared: 1) simple linear regression (blue color), R2 = 0.495; 2) polynomial linear 
regression (brown color), R2 = 0.762; and 3) non-linear or polynomial/cubic regression 
(red color), R2 = 0.838. These results indicate that a non-linear or polynomial/cubic 
model could best described the relationship observed in the F2 population.  
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Fig. 2.8 Segregation patterns of the trait awn in the F2 population. 
A, Frequency distribution for percentage of awned seeds. B, Frequency distribution for 
awn length. C, Scatter plot showing the relation between the percentage of awned seeds 
















































2.3.3 Phenotypic variations for agronomic traits 
2.3.3.1 Flowering time  
A small range of variation in flowering time was observed in the F2 population. A 
vast majority (> 95%) of the F2 plants distribute in a range from 78 to 90 days, with the 
population and standard deviation being 82.6 and 2.3 days, for the time to flowering (Fig. 
2.9). This segregation pattern suggests that there could be one or a few genes responsible 
for the variation.  
 
Fig. 2.9 Frequency distribution for flowering time in the F2 population. 
Also shown in the figure are the population size (N), mean and standard deviation. 
2.3.3.2 Plant height  
A range of variation in plant height was observed in the F2 population. About 
95% of the 288 plants distribute from 70 to 100 cm, with the population mean and 
standard deviation being 82.6 cm and 2.3 cm (Fig. 2.10). This pattern suggests that there 
















Time from germination to flowering (days)
N = 288
Mean = 82.6 d
stdev. = 2.3 d
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Fig. 2.10 Frequency distribution for plant height in the F2 population. 
Also shown in the figure are the population size (N), mean and standard deviation 
2.3.4 Correlations between the evaluated traits in the F2 population   
Correlation coefficients between trait measurements are listed in Table 2.5. HR 
was correlated only with flowering time (FT), with r = 0.266. The positive correlation 
indicates that the F2 plants containing Bar::IRSSD7-1::IRSSD12 tended to flower late. 
The degrees of seed dormancy evaluated by germination percentages at 15 
(GP15) and 30 (GP30) DAR were positively correlated, with R2 = 0.64. Both GP15 and 
GP30 were negatively correlated with pericarp color (PC), hull color (HC), awn length 
(AL) or percentage of awned seeds (AP), and plant height (PH). The negative 
correlations suggest that the presence of red pericarp color, black hull color, awn 
structure and tall plant tended to enhance seed dormancy. 
In addition, HC was also positively correlated with AL (r = 0.185), AP (r = 0.143) 
and PH (r = 0.171), and PH was negatively correlated with FT (r = -0.141). These results 






















Table 2.5 Summary of correlation coefficients between traits segregating in the F2 population 
Traita 
 
HR GP15 GP30 PC HC AL AP PH FT 
HR  -0.016b  0.104 0.093 0.029 -0.086 -0.058 -0.058 0.266 
GP15 0.795b  0.802 -0.352 -0.285 -0.371 -0.387 -0.206 -0.072 
GP30 0.0874 <0.0000  -0.429 -0.328 -0.352 -0.339 -0.211 -0.024 
PC 0.1276 <0.0000 <0.0000  -0.104 -0.064 -0.075 0.074 0.015 
HC 0.6408 <0.0000 <0.0000 0.0866  0.185 0.143 0.171 -0.082 
AL 0.1603 <0.0000 <0.0000 0.2961 0.0023  0.723 0.123 -0.031 
AP 0.3435 <0.0000 <0.0000 0.2199 0.0184 <0.0000  0.124 0.011 
PH 0.3463 0.0007 0.0005 0.2268 0.0048 0.0432 0.0419  -0.141 
FT <0.0000 0.2380 0.6899 0.8079 0.1812 0.6135 0.8613 0.0203  
No.c 1 6 6 2 5 5 5 6 2 
a HR, herbicide resistance with the resistant coded as 1 and susceptible coded as 0. GP15 and GP30, germination percentages at 15 and 
30 days after-ripening, respectively; PC, pericarp color with red coded as 1 and white coded as 0; HC, hull color with black coded as 1 
and straw coded as 0; AL, awn length (mm); AP, awned seed percentage; PH, plant height (cm); and FT, days to flowering.  
b Values above and below the diagonal line are correlation coefficients and probability levels (P), respectively; and values in bold were 
significant at P < 0.05.  
c Number of the other traits/trait measurements significant correlated the trait/measurement in in the column. 
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2.3.5 Marker-trait associations 
2.3.5.1 Polymorphism between the two parents 
A total 186 SSR markers from the 12 chromosomes were selected to amplify PCR 
products from the parents Nip and LD. However, only 101 markers were amplified for 
quality products on polyacrylamide gels (Fig. 2.11, Table 2.6). Of the 135 amplified 
markers, 43 were polymorphic between the parents, with the mean polymorphic rate 
being 28.5% (Table 2.6).  
 
Fig. 2.11 Gel image showing polymorphic markers between the parents Nip and LD. 
Markers HAP45, 11, 13 and 54 are polymorphic, and markers names from left to right are 



















Table 2.6 Summary of polymorphic markers screened for 12 chromosomes (Chr.) 
Chr. Total No. Amplified No.  Polymorphic No. Polymorphic rate (%) 
1 18 3 0 0 
2 13 7 4 57 
3 11 9 3 33 
4 16 14 4 29 
5 11 11 4 36 
6 16 13 2 15 
7 26 20 11 55 
8 16 13 1 8 
9 11 10 3 30 
10 12 9 0 0 
11 14 11 2 18 
12 22 15 9 60 
Total (average) 186 135 43 28.5 
 
2.3.5.2 Genomic distribution of the polymorphic markers 
The polymorphic markers distribute on 10 of the 12 chromosomes of whole rice 
genome (Fig. 2.12). The physical map was designed based on 288 plants from the F2 
population. Fig. 2.12 indicates that there are 6 polymorphic markers in chromosomes 3, 
4, 7, 11, and 12 showed significant segregation distortion. Four markers were located on 
chromosome 7, RM1253, Gap6, RID12, and RM21197. However, also four markers were 
located on chromosome 12, RM270, HAP13, HAP11, and HAP54. Three QTLs were 
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identified in chromosome 4. The qAL4 refers awn structure, qSD4 refers seed dormancy 
or germination, and qHC4 refers hull color (Fig. 2.12). 
 
Fig. 2.12 Framework physical map and QTL distribution in the F2 population. 
The map was constructed depend on 288 plants from the F2 population. Vertical bars 
represent 10 chromosomes marked with rice microsatellite (RM) loci (SSR markers). The 
markers have underline and bold refer to the polymorphic markers displayed various 
degrees of significant segregation distortion. Segments of chromosomes with markers 
showing a segregation ratio deviated from the Mendelian expectation ratio. The black 
bars left to each chromosome refer 1-LOD support regions for the named QTL associated 
with wild and crop mimic traits. 
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2.3.5.3 Segregation distortion of markers in the F2 population 
Six of the polymorphic markers displayed significant segregation distortion 
(Table 2.7). These markers located on 5 chromosomes (Fig. 2.12). Of the 6 markers, 5 
and 1 had the Nip- and LD-alleles less than the expectation 50%, respectively. A 
segregation distortion in plants can be caused by allelic differentiation of a gene 
influencing gametophyte or zygotic development (Taylor and Ingvarsson 2003). Thus, 
the results suggest that the parents of weedy and cultivated rice may differentiate in some 
genes, located near the markers, involved in gametophyte or zygotic development. 
















n_NN 20 54 65 33 18 93 
n_NL 41 130 125 22 40 143 
n_LL 32 101 88 39 31 40 
Total 93 285 278 94 89 276 
 x2 value  4.40 17.69 6.63 27.36 4.71 20.72 
 F_N  0.44 0.42 0.46 0.47 0.43 0.60 
 F_L  0.56 0.58 0.54 0.53 0.57 0.40 
Note: Chr., chromosome for which the marker is located; n_, the number of genotypes 
homozygous for the alleles from the parent ‘Nip’ (n_NN) or ‘LD’ (n_LL) or from both 
(n_LL or heterozygous); F_N and F_L, frequencies for N and L alleles, respectively; and 
c2 value, the values were calculated based on the 1:2:1 expectation for the three 
genotypes. 
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2.3.5.4 Bulked segregant analysis of the Bar:IRSSD7-1::IRSSD12 transgene 
Bulked segregant analysis (BSA) was conducted for 26 markers selected from 10 
of the 12 chromosomes, which are polymorphic between the parents LD and Nip. None 
of these markers show visible polymorphism between the R and S pools (Fig. 2.13). This 
result indicates that the Bar:IRSSD7-1::IRSSD12 construct was not inserted into the genome 
at the position close to the markers. 
 
Fig. 2.13 Bulked segregant analysis for herbicide-resistant (R) and susceptible (S) pools. 
The R and S pools were developed by mixing equal quantity of DNA samples from 10 R 
and 10 S plants randomly selected from the F2 population. Letters N and L indicate the 
parental lines of Nipponbare and Ludao, respectively. RM# are rice microsatellite 
makers. The number in the parentheses after a marker indicates the chromosome number 
for which the marker is located. 
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2.3.5.5 Marker-trait correlations 
 Nine markers were correlated with one or two tested traits. These include seed 
dormancy evaluated by germination percentage at 15 (GP15) and 30 (GP30) DAR, 
pericarp color (PC), hull color (HC) or awn length (AL)/awned seed percentage (AP), but 
not include plant height and flowering time, in the F2 population (Table 2.8). These 
markers locate on chromosomes 4, 7 and 12, including those selected to delimit the SD7-
1/Rc and SD12 (Fig. 2.12). RM3524 on chromosome 4 was negatively correlated with 
GP15 and GP30, but positively correlated with HC, indicating that the marker-containing 
genomic segment from the parent LD enhanced seed dormancy and promoted dark 
pigment production. However, RM518 on chromosome 4 was positively correlated with 
AL and AP, indicating that the marker-containing genomic segment from the parent LD 
promoted awn structure. Additionally, RID12 on chromosome 7 was negatively 
correlated with GP15 and GP30, but positively correlated with PC, indicating that the 
marker-containing genomic segment from the parent LD promoted seed dormancy and 
enhanced red pigment production. Finally, HAP13 on chromosome 12 was negatively 
correlated with GP15 and GP30, indicating that the marker-containing genomic segment 
from the parent LD promoted seed dormancy.  
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Table 2.8 List of markers significantly correlated with the detected traits in the F2 population 
Marker Parameters GP15 GP30 PC HC AL AP FT PH 
RM3524 
(4) 
r -0.128 -0.156 0.053 0.421 0.109 0.094 -0.006 0.054 
P 0.0323 0.0099 0.3738 <.0001 0.0701 0.1182 0.9221 0.3688 
N 281 274 280 284 277 277 285 281 
RM255 
(4) 
r -0.164 -0.196 0.028 0.391 -0.006 -0.015 0.165 0.104 
P 0.1426 0.082 0.8035 0.0003 0.9574 0.8975 0.1397 0.3565 
N 81 80 80 82 81 81 82 81 
RM518 
(4) 
r -0.200 -0.204 0.034 0.045 0.227 0.216 -0.190 0.059 
P 0.0561 0.054 0.7461 0.6703 0.0295 0.0386 0.0675 0.5796 
N 92 90 91 93 92 92 93 92 
RM481 
(7) 
r -0.018 -0.060 0.230 0.022 -0.117 -0.104 -0.004 -0.047 
P 0.7641 0.3176 <.0001 0.7053 0.0514 0.0818 0.9524 0.4264 
N 284 277 283 287 280 280 288 284 
RM1253 
(7) 
r -0.036 -0.064 0.306 0.059 -0.052 -0.065 -0.074 0.065 
P 0.5451 0.2898 <.0001 0.3236 0.3896 0.2828 0.2176 0.2805 
N 278 272 277 278 274 274 278 276 
          (to be continued) 
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(Table 2.8 continued) 
Marker Parameters GP15 GP30 PC HC AL AP FT PH 
RID12 
(7; Rc or 
SD7-1 
r -0.200 -0.218 0.558 -0.022 -0.045 -0.064 -0.047 0.050 
P 0.0007 0.0003 <.0001 0.7078 0.4565 0.2834 0.4288 0.3998 
N 284 277 283 287 280 280 288 284 
RM3635 
(7) 
r -0.105 -0.074 0.466 -0.161 -0.003 -0.013 0.135 -0.041 
P 0.3144 0.4881 <.0001 0.1216 0.9753 0.8999 0.1952 0.6962 
N 93 91 92 94 93 93 94 93 
HAP54 
(12) 
r -0.168 -0.139 0.004 0.117 0.060 0.014 -0.065 0.012 
P 0.005 0.0218 0.9483 0.0511 0.3219 0.8179 0.2826 0.8377 
N 279 273 278 279 275 275 279 277 
HAP13 
(12; SD12) 
r -0.187 -0.154 -0.018 0.095 0.030 0.009 -0.010 0.064 
P 0.0017 0.0108 0.7628 0.1127 0.6199 0.8778 0.8678 0.2901 
N 279 273 278 279 275 275 280 278 
Note: Bold values indicate significant correlation coefficients (r) at the probability (P) level of < 5%. N is the sample size. GP15 and 
GP30 are germination percentages evaluated at 15 and 30 days after-ripening, respectively, to estimate the degree of seed dormancy. 
PC, pericarp color; HC, hull color; AL, awn length (mm); AP, awned seed percentage; FT, days from germination to flowering; and 




2.3.5.5 Genetic effects of QTL associated with the tested traits  
 Four markers (RM3524, RM518, RID12 and HAP13) that contributed most to 
phenotypic variances for seed dormancy, pericarp color, hull color or awn length were 
evaluated for additive (a) and dominance (d) effects using the model Eq. 2.1. RID12 and 
HAP13 are used to mark the known QTL SD7-1/Rc and SD12, and the other two markers 
on chromosome 4 used to tag qSD4 and qHC4 (RM3524) and qAL4 (RM518) to estimate 
the genetic component effects. All these QTLs were significant for the additive, but not 
significant for the dominance effect (Table 2.9). Additive effects of qSD4, qSD7-1 and 
qSD12 on germination were negative, indicating that the alleles from LD enhanced seed 
dormancy. Additive effects of qHC4 and qAL4 on hull color or awn length were positive, 
indicating that the alleles from LD promoted awn elongation and blackness.  
Table 2.9 Summary of additive (a) effects of QTLs in the F2 population 
Marker Effect GP15 GP30 PC HC AL AP 
RM3524 
(4, qSD4 & 
qHC4) 
a -4.623 -5.892  0.2853    
P 0.0323 0.0099  1.3e-13   
R2 0.016 0.024  0.177   
RM518 
(4, qAL4) 
a     3.571 9.024   
P     0.0295 0.0386 
R2     0.052 0.047 
RID12 (7; Rc 
or SD7-1) 
a -7.066 -8.117 0.3684    
P <.0007 <.0003 2e-16    
R2 0.040 0.048 0.311    
HAP13 
(12; SD12) 
a -6.741 -5.899     
P 0.0018 0.0108     
R2 0.035 0.024     




2.3.6 Silencing effects on SD7-1/Rc and SD12 
2.3.6.1 Evaluated by pericarp colors 
 The segregation ratio fits the expected 3:1 for the dominance gene Rc in the 
herbicide susceptible (HS), but not in the herbicide resistant (HR), subpopulation (Fig. 
2.14). In the HR subpopulation, the frequency for red pericarp phenotype was 56%, 
instead of the expected 75%, indicating that RNAi occurred in some plants (about 19%) 
containing the Bar::IRSSD7-1::IRSSD12 construct.  
 
Fig. 2.14 Frequency distributions for red and white pericarp colors in the herbicide 
resistant (HR) and susceptible (HS) subpopulations. 
The red pericarp-colored F2 plants can be homozygous (RcRc) or heterozygous 
(Rcrc). In the HR subpopulation, about 30% RcRc and 24% Rcrc plants displayed white 
pericarp (Table 2.10), indicating that the Rc gene was completely silenced by RNAi 
associated with the Bar::IRSSD7-1::IRSSD12 construct. The silencing rate was slightly (6%) 
higher in the RcRc than in the Rcrc plants, suggesting that the RNAi-mediated 





Table 2.10 Silencing efficiency on the red pericarp color gene Rc in the herbicide-
resistance (HR) F2 subpopulation 
Genotype 
No. of plants with pericarp 
Subtotal Silencing rate (%) 
Coloreda White 
RcRc 40 17 57 29.8 
Rcrc 69 22 91 24.2 
rcrc 0 46 46  
a Red or brown color 
2.3.6.2 Evaluated by seed dormancy 
 The F2 plants were divided into three groups based on genotypes of SD7-1/Rc or 
SD12 to compare genotypic differences in germination percentage at 15 DAR between 
the HR and HS subpopulations. Both SD7-1/Rc and SD12 displayed similar patterns for 
each of their three genotypes, such as germination percentage was lower in the 
homozygotes for the dormancy-enhancing than for the homozygotes for the dormancy-
reducing allele in both HR and HS subpopulations (Fig. 2.15). However, germination 
percentage was higher in the HR than in the HS subpopulation for the heterozygous 
group Rcrc or Sd12sd12 (Fig. 2.15). These results suggested that both SD7-1 and SD12 
have a function on reducing germination in the population, and the silencing effect on 
seed dormancy appeared to be significant only for the heterozygotes. An in-depth 






Fig. 2.15 Genotypic differences of SD7-1/Rc (A) and SD12 (B) in germination 
percentage at 15 days of after-ripening (DAR) between the herbicide resistant (R) and 
susceptible (S) groups of the F2 population. 





2.4.1 Inheritance patterns of the tested traits 
This research would be the first time to investigate a seed dormancy gene-
mediated biotechnology for transgene mitigation in a segregating population from a cross 
between weedy and cultivated rice. Results from this research can be used to examine the 
suitability of silencing seed dormancy genes to mitigate the risk of transgene flow into 
weedy rice. The HR gene, Bar, was coupled with an RNAi silencing cassette targeting 
two SD genes from weedy rice and the Bar::IRSSD7-1::IRSSD12 tandem construct (or 
RNAi/TM construct) was used to transform the cultivar Nipponbare. A transgenic plant 
with the RNAi/TM construct was crossed with the weedy red rice line to mimic transgene 
flow. Genotypic variations for the transgenic trait, the weed traits SD, PC, HC and awn, 
and the agronomic traits FT and PH were observed in a hybrid F2 population of 288 
plants from the cross. 
The transgenic trait for herbicide resistance segregated in the F2 plants, following 
a 3:1 expectation for a dominance gene. This result indicates that there was only one copy 
of the transgene segregating in the F2 population. 
Three types of pericarp colors were observed in F2 population: red, brown, and 
white. The segregation ratio does not fit one dominance gene model indicating that the Rc 
gene in some plants was silenced by RNAi.   
Two types of hull color were observed in the F2 plants population: straw and 
black. The segregation ratio does fit a two-gene model, indicating that there could be 
more than one gene responsible for the hull color variation in the F2 population.  




a panicle. Awn seeds occupied more than 70% of the F2 plants. The relationship between 
the awn length and percentage of awned seeds was not linear. However, the linearity 
appeared when the awn length is less than 10 mm, and there was no correlation when the 
awn length is >30 mm. 
Variation in flowering was small in F2 population. The vast majority (> 95%) of 
the F2 population plants distribute in a range from 78 to 90 days, indicating that there 
could be one or more of genes responsible for the variation in the F2 population.  
Variation in plant height was relatively great in F2 population. The vast majority 
(about 95%) of the F2 population plants distribute in a range from 70 to 100 cm, 
indicating that there could be a few genes segregating in the F2 population (See 
Appendix 2.2 for more details). 
2.4.2 Seed dormancy coevolved with multiple adaptive traits in weedy rice 
Seed dormancy was correlated with hull color, awn length and plant height, in 
addition to pericarp color, in the F2 population. These results were consistent with the 
previous observations in weedy rice  (Gu et al. 2005a; Mispan et al. 2013; Zhang et al. 
2017a). The correlations suggested that phenotypic selection for these traits could cause 
an increase or reduction in seed dormancy. 
However, this research detected only a few QTL clusters on chromosomes 4 and 
7. This was because the linkage map cover only part of the physical map. Thus, more 
polymorphic markers are needed to identify QTLs for the tested trait and to map the T-




2.4.3 Rate of gene silencing  
A transgene mitigation (TM) strategy is expected to counter off the fitness 
advantage of a primary transgene (e.g., Bar in this research) in wild/weedy populations. 
This is accomplished by linking the primary transgene with a mitigating factor that has a 
neutral or positive effect on cultivars but has a deleterious effect on weeds (Al-Ahmad et 
al. 2004; Kena 2017). Factors affecting efficiency of a TM strategy include stability of 
the mitigating effect and complete linkage between the primary transgene and the 
mitigating factor across generations (Daniell 2002b; Gressel 2015; Kena 2017).  
The silencing rate was 30% for the RcRc genotype and 24% for the Rcrc genotype 
in the F2 generation. The low silencing rate indicates that the RNAi was incomplete. It 
was likely that the Dicer enzyme may be not able to cleave some Rc’s mRNAs, and intact 
mRNAs were translated into functional proteins. Moreover, there could be interactions 
with circular RNAs that regulate miRNA to influence expression of the target genes. 
Additionally, sequences of the double strand RNA structure, which formed a loop or 
hairpin, may not be able to match with each other and that will prevent to cleave some of 
the mRNAs. It is necessary to examine the RNAi silencing efficiency in advanced 




Chapter 3. Identifying RNAi-Silencing Efficiency of the Bar::IRSSD7-1::IRSSD12 
construct on SD7-1/Rc in F3 and F4 generations 
3.1 Introduction 
 RNA interference (RNAi)-mediated gene silencing has been one of the commonly 
used technologies for functional genomics, reverse genetics, and applied research to 
generate transgenic crops resistant to diseases or plant pests (Matthew 2004). Different 
from the listed research areas, this research uses the RNAi technology to develop a seed 
dormancy gene-mediated transgene mitigating strategy to reduce the risk of gene flow 
from genetically engineered crops into wild/weed relatives. Similar to many reports, this 
research based on the F2 population detected a low of RNAi-silencing efficiency on the 
seed dormancy genes (Chapter 2). Currently, it is not clear about molecular mechanisms 
underlying the stability of RNAi-mediated gene silencing (Cooper et al. 2018). From 
genetic point of view, it is important to know about the stability of RNAi-mediated gene 
silencing across generations. 
RNAi silencing efficiency of the Bar::IRSSD7-1::IRSSD12 construct on SD7-1/Rc 
was difference between the hybrid F1 and F2 generations from the cross between a 
Nipponbare transgenic T0 plant and the weedy rice line LD (Fig. 2.2). SD7-1 is identical 
to Rc, which encodes a bHLH family transcription factor that has a relatively small effect 
on seed dormancy but has a major effect on red/brown pericarp colors. The silencing 
efficiency on Rc was 100% in the F1 generation (Kena 2017) and was about 30% for the 
RcRc homozygote and about 25% for the Rcrc heterozygote in the F2 population (Table 
2.10). The observed difference in the F1 and F2 generations prompted to track the RNAi 




chapter were: 1) to evaluate silencing efficiency of the Bar::IRSSD7-1::IRSSD12 construct 
on SD7-1/Rc at the phenotypic level in the F3 and F4 generations; and 2) to quantify the 





3.2 Materials and Methods 
3.2.1 Plant genotypes for F3 and F4 lines 
A Nipponbare transgenic T0 plant and the weedy rice line Ludao (LD) were 
hybridized to develop the F1, F2, F3 and F4 generations (Fig. 3.1). Seven F2 plants were 
selected to develop the F3 progeny lines (Table 3.1). The selected plants were all 
herbicide (glufosinate) resistant (HR), which was conferred by the gene Bar in the 
Bar::IRSSD7-1::IRSSD12 construct. The seven HR plants were heterozygous (Rcrc) or 
homozygous (RcRc) for the SD7-1/Rc locus but had white pericarp-colored seeds because 
of the RNAi. Table 3.1 also lists the plant genotypes for SD12 and the phenotypic 




Fig. 3.1 Breeding scheme used to develop F3 and F4 lines containing the 
Bar::IRSSD7-1::IRSSD12 construct. 
LD, a weedy rice line; T0, the transgenic plant; HR, herbicide resistance. 
Transgenic T0 plants 
(hemizygous Bar::IRSSD7-1::IRSSD12)   
 Ludao (RcRc)  
(LD; weedy rice)  
HR F1 plants 
F2 population 
Ä 
Selected 7 HR F2s Ä 
7 F3 Lines 
Selected 8 HR F3s 





Table 3.1 List of characteristics and genotypes for F2 plants selected to develop F3 lines 










height (cm) SD7-1 SD12 
#063 R Rcrc Dd White Black 96 83 89 
#079 R Rcrc Dd White Black 100 69 90 
#093 R RcRc Dd White Black 100 82 95 
#184 R Rcrc Dd White Straw - 81 92 
#268 R RcRc Dd White Black 94 85 85 
#281 R Rcrc dd White Black 98 81 94 
#282 R Rcrc Dd White Black 84 82 89 
a Resistance (R) to the glufosinate herbicide.  
b SD7-1 is identical to the red pericarp color gene Rc, with the Rc and rc alleles enhancing 
and reducing seed dormancy, respectively. The genotypes for SD12 are indicated by the 
dormancy-enhancing (D) and -reducing (d) alleles, respectively.   
c Percentage of awned seeds per plant. A dash indicates a missing data. 
Seven F3 plants were selected from two F3 lines (#063 and #281) to develop the 
F4 progeny lines (Table 3.2). Of the eight selected F3 plants, two were heterozygous 
(Rcrc) and six homozygous (RcRc) for SD7-1/Rc. Table 3.2 also list the plant genotypes 





Table 3.2 List of genotypes and characteristics for F3 plants selected to develop F4 lines 








(cm) SD7-1 SD12 
#063-119 R Rcrc dd White Black 106 78 
#063-144 R Rcrc dd White Straw 106 77 
#063-174 R RcRc dd White Black 109 91 
#063-182 R RcRc Dd White Straw 110 90 
#281-210 R RcRc dd White Black 122 96 
#281-223 R RcRc dd White Straw 109 84 
#281-224 R RcRc dd White Straw 113 96 
#281-230 R RcRc dd White Black 113 87 
a Resistance (R) to the glufosinate herbicide.  
b SD7-1 is identical to the red pericarp color gene Rc, with the Rc and rc alleles enhancing 
and reducing seed dormancy, respectively. The genotypes for SD12 are indicated by the 
dormancy-enhancing (D) and -reducing (d) alleles, respectively.   
3.2.2 Plant cultivation and seed harvest 
The F3 seeds were placed under room temperature for 15 d to break dormancy 
before germination. Germination was performed in an incubator at 30 °C for 7 days. 
Germinated seeds were transferred to 200-cell Plug 30 Trays, with one plant per cell, and 
cultured with the nutrition solution (Yoshida et al. 1976). Seedling at about 3 weeks old 
were transplanted in pots, with one plant per pot. The pots (12 cm×12 cm×15 cm 
dimensions) were filled with clay soil mixed with greenhouse medium (Sunshine Mix #1; 




watering during plant growth and development. Plants were tagged for flowering time 
when the first panicle in a plant engendered from the leaf sheath. Seeds were harvested at 
40 days after flowering. The harvested seeds were cleaned by removal of immature seeds 
then placed in the envelopes. The mature seeds were air-dried in the greenhouse for 3 
days, and then stored at -20 °C freezer to preserve the primary dormancy status. 
Same process and steps were applied on F4 seeds, starting from drying the seeds 
and ending place them in the freezer. Use these processes are important to ensure that the 
results are correct and reliable.  
3.2.3 Phenotypic identifications 
3.2.3.1 Herbicide resistance 
Resistant/susceptible responses to the herbicide glufosinate were used to track the 
Bar::IRSSD7-1::IRSSD12 tandem construct in the F3 and F4 lines. The resistance to the 
glufosinate herbicide is conferred by the primary transgene Bar in the construct. The 
reagent was made by adding 50 µl of glufosinate to 50 ml of ddH2O to obtain 0.1% (v/v) 
solution. The solution was applied by painting a 2-cm section of young leaf. Resistant or 
susceptible responses to the herbicide were examined after 4 to 7 days. 
3.2.3.2 Seed dormancy  
The SD degree was measured by percentage of germination of partially after-
ripened seeds. After-ripening treatment was done by storing seed samples at room 
temperature (25 °C) for 15 days. The period of time (d) of after-ripening for a segregating 
population was identified based on output from a preliminary test. Three replications 
were used to evaluate seed dormancy at 15 DAR. About 50 seeds for a replication were 




ml of deionized water, and then incubated at 30 oC and 100% relative humidity in the 
dark for 7 days. Germination was visualized for protrusion of the radicle or coleoptile 
from the hull by ³ 3 mm. 
3.2.3.3 Pericarp color (PC) 
Pericarp color is a qualitative trait that could be grouped as colored (red or 
brown), or white (no pigment). In this research, PC was visually scored as white (0) 
colored (1) for data analysis.  
3.2.3.4 Hull color (HC) 
The hull colors were determined at the mature stage. HC was visually scored as 
straw (0) or black (1) for data analysis of correlation.  
3.2.3.5 Flowering time (FT) 
FT was recorded daily by tagging the first panicle appearing from the leaf sheath 
in a plant.  
3.2.3.6 Plant height (PH) 
PH was determined by measuring the length of the main stem from soil surface to 
the end of the top of the leaf sheath of a matured plant using the centimeter unit. 
3.2.4 Marker genotyping  
1) Marker selection 
For 303 F3 plants and 288 F4 plants, simple sequence repeat (SSR) markers were 
selected from genomic regions containing the target genes SD7-1 and SD12. Primer 




primers were synthesized at the company of Integrated DNA Technologies (IDT) 
(www.idtdna.com). The markers were first used to estimate a polymorphism between Nip 
and LD, Polymorphic markers were then used genotype the F2 population. 
2) DNA extraction 
Genomic DNA samples were prepared for 303 F3 and 288 F4 plants from the 
selected lines. Young leaf tissue was sampled from each of the F3 and F4 plants and the 
parental plants to extract genomic DNAs. The cetyl trimethylammonium bromide 
(CTAB) method (Doyle and Doyle 1987) was used for DNA extraction (For more 
details, see materials and methods part in chapter 2). 
3) Polymerase chain reaction (PCR) 
The PCR reaction for both types of primers SSR and InDel markers was 
performed in 20 μL containing 50 ng DNA-template in a 96 well plate, 3 μL of 5×Green 
GoTaq® reaction buffer (Promega, Madison, WI), 200 μM of dNTP, 20 μM of forward 
and reverse primers, and 0.2 unit of Taq polymerase. The PCR cycle composed of initial 
denaturation at 94 °C for 2.5 min, followed by 40 cycles of denaturation at 94 °C for 30 s, 
annealing at 55 °C for 30s, extension at 72 °C for 30 s, and 72 °C for 10 min. The PCR 
products were stored in a -20 °C freezer before electrophoresis. 
4) Gel electrophoresis and imaging 
The PCR products were analyzed for size on a 6% non-denaturing polyacrylamide 
gel, containing 6% acrylamide, 0.1% APS, 0.01% TEMED, and 0.5×TBE buffer and 
separated with ~300 Volt for ~2h. The electrophoresis gel was imaged under UV light 




scoring was performed based on the bands of DNA. The bands based on the parents as 
homozygotes and middle state between them as heterozygous, so the 0 (Nip-like 
homozygote), 1 (heterozygote), and 2 (LD-like homozygote). 
3.2.5 Statistic and genetic analysis 
Chi-Square test was used to verify whether genotypic frequencies gained for the 
HR and HS groups were fitted to the expected Mendelian segregation ratio of 3:1 in 
Microsoft Excel. Allele frequencies were tested for significant deviations from the 
expected 5% frequency. 
Frequency distribution: Germination data were expressed as proportions which 
are strictly limited. That indicates the germination can never be less than 0% or greater 
than 100%. Germination databased shows only two outcomes: germinated seeds and non-
germinated seeds out of a total number 303 and 288 for F3 and F4 plants, respectively. 
The frequency distribution for germination was conducted for 7 days. 
3.2.6 Estimation of RNAi efficiency   
The RNAi mediated gene silencing efficiency was evaluated for SD7-1/Rc, but 
not for SD12 because it was a multigenic QTL (Feng et al. 2016). The F3 and F4 plants 
were grouped based on the RcRc, Rcrc and rcrc genotypes. The RcRc and Rcrc genotype 
plants that contain the Bar::IRSSD7-1::IRSSD12 construct and are herbicide resistant (HR) 
can have white pericarp if the dominance gene Rc is silenced by RNAi, or have colored 
pericarp if the gene is not, or not completely, silenced. The number of the white pericarp 
colored HR plants was divided by the total number of HR plants in the RcRc or Rcrc 




3.2.7 Gene expression analysis 
 Total RNA was extracted from 10-d developing caryopses. Three biological 
replicates of 30 spikelet each were sampled from the herbicide resistant F4 plants, which 
were tagged for flowering dates. The hull structure was removed by hands to obtain intact 
caryopses stored at -80 °C. RNA extraction, purification and cDNA preparation using 
QIAGEN Kit were performed using methods in Yin et al. (2016).  
Quantitative real-tile PCR (qRT-PCR) was conducted to quantify the expression 
abundance of SD7-1 and ACTIN (control). Primer sequences for the ACTIN control are 1) 
forward sequence (AGGAATGGAAGCTGCGGGTAT); 2) reverse sequence 
(GCAGGAGGACGGCGATAACA). qRT-PCR was performed using Power SYBR 
Green PCR Master Mix (QIAGEN 2011) using (Applied Biosystems by Life 
technologies, model QuantStudio 6 Flex). Quantification was conducted by comparing Ct 
values for known samples against the standard curve or, in the case of relative 
quantification, against each other, with the standard curve using as an efficiency test 
(Thermo Fisher Scientific Inc. 2014). The relative expression level, which measures the 
relative change in mRNA expression levels was calculated by measuring the differences 





3.3 Results  
3.3.1 The F3 lines 
3.3.1.1 Segregation for herbicide resistance and the Bar::IRSSD7-1::IRSSD12 construct  
Segregation for the tandem construct in an F3 population was identified by the 
resistance (R) or susceptibility (S) to the glufosinate herbicide, which is the effect of the 
Bar transgene. Of the 7 F3 lines, 6 had the R:S ratio following the 3:1 expectation, and 
the other line (#184) fixed for the R phenotype (Table 3.3). These results indicate that the 
7 F3 lines segregated for one copy of the transgene and the line #184 was homozygous for 
the Bar::IRSSD7-1::IRSSD12 construct.  
Table 3.3 Fitness test for segregation patterns of herbicide resistance in the F3 lines 
F3 linea  
Herbicide resistanceb 
HR HS c2 (3:1)c 
#063 69 14 2.93 
#079 46 15 0.01 
#093 8 6 2.38 
#184 12 0 4.00 
#268 10 3 0.03 
#281 33 13 0.26 
#282 28 8 0.15 
a The lines were named based on the F2 plant number 
b Resistance (R) or susceptibility (S) to the glufosinate herbicide. 




3.3.1.2 Segregation for pericarp and hull colors 
The 7 F3 lines also segregated for the pericarp color trait. However, none of these 
lines had the colored to white ratio following the 3:1 expectation (Table 3.3). The 
deviation of the observed segregation ration was because the frequency for the colored 
phenotype was less than the 75% expectation. This result suggested the Rc gene was 
silenced by the Bar::IRSSD7-1::IRSSD12 construct.  
Of the 7 lines, it seemed that one fixed for straw hull color and one fixed for black 
hull color; and the other 5 segregated for the trait in complex patterns (Table 3.4).  
Table 3.4 Summary of segregation patterns for pericarp and hull colors in the F3 lines 
F3 linea  
Pericarp colorb Hull colorb 
Colored White c2 (3:1)c Black Straw c2 (3:1) 
#063 12 71 162.25*** 43 40 23.81** 
#079 15 46 82.67*** 57 4 11.07** 
#093 2 6 4.67* 10 4 0.10 
#184 1 6 10.11** 0 7 fixed 
#268 3 10 18.69** 7 6 3.10 
#281 11 33 56.20** 20 24 20.48** 
#282 5 31 71.70** 36 0 fixed 
a The lines were named based on the F2 plant number 
b The colored group includes the plants that have red or brown pericarp. Chi-square 
values were tested against the Mendelian expectation of 3:1 for a dominance gene. 





3.3.1.3 Variations for seed dormancy, flowering time and plant height  
Table 3.5 lists means and standard deviations for seed dormancy (SD) evaluated 
by germination percentage, days to flowering (DTF), and plant height (PH) for the 7 F3 
lines. The variation among the 7 lines was greatest for seed dormancy (21% -70%) and 
small for DTF (108-117) and PH (80-91 cm). Within-line variation was greatest for SD in 
Line #063 or for PH in Line # 281. The other lines had a relatively small variation for the 
three quantitative traits (see Appendix 3.1 & 3.2 for more details). 
Table 3.5 Summary of segregating patterns for quantitative traits in F3 lines 
F3 line 
Germination (%)a Days to flowering Plant height (cm)  
Mean Stdev. Mean Stdev. Mean Stdev. 
#063 49.1 10.9 108.5 3.3 87.7 6.9 
#079 69.3 5.3 110.5 4.0 90.7 8.8 
#093 44.2 5.5 112.6 3.0 83.9 5.5 
#184 36.7 2.4 117.3 2.8 80.8 8.0 
#268 21.8 4.0 112.7 2.2 80.8 5.1 
#281 40.6 5.4 114.5 2.7 89.9 10.6 
#282 45.3 4.9 117.1 3.2 81.7 5.1 
Note: the degree of seed dormancy was measured by germination percentage. 
3.3.1.5 RNAi mediated gene silencing efficiency on SD7-1/Rc  
Table 3.6 summarizes silencing efficiency for all HR plants from the 7 F3 lines. 
The efficiency varied from 75% to 100% for the RcRc genotype, with mean of the 7 lines 




92.3%. The gross silencing efficiency of the two genotypes was 90.6%. These estimates 
were much higher than those estimated in the F2 population (Table 3.6). 
Table 3.6 Summary of the gene SD7-1/Rc-silencing efficiency in HR groups of F3 lines  
F3 lines 













#063 0 12 100.0 3 34 91.9 93.9 
#079 2 12 85.7 1 20 95.2 91.4 
#093 1 7 87.5 0 0 - 87.5 
#184 0 1 100.0 1 2 66.7 83.3 
#268 3 9 75.0 0 1 100.0 87.5 
#281 1 12 92.3 0 11 100.0 95.8 
#282 1 11 91.7 0 8 100.0 95.0 
mean   90.3   92.3 90.6 
Standard deviation  8.7   12.4 4.7 
Note: that data in the table were collected from herbicide resistant (HR) plants. The 
phenotype of white pericarp indicates that Rc was silenced; whereas, the colored pericarp 





3.3.2 The F4 lines 
3.3.2.1 Segregation for pericarp and hull colors in the herbicide-resistant group  
 A total of 288 HR plants from the eight F4 lines were evaluated for pericarp 
colors, seed dormancy and some other traits. Of the eight lines, two appeared fixed for 
the white pericarp phenotypes and the other six segregated for the colored and white 
phenotypes (Table 3.7). All the six lines had the colored phenotypic frequency less than 
the Mendelian expectation of 75%, suggesting that the gene Rc was silenced in some or 
all of the F4 plants.  
The eight lines varied in segregation pattern for hull colors (Table 3.7). One line 
fixed for the black phenotype, two lines fixed for the straw color phenotype, and the other 





Table 3.7 Summary of segregating patterns for the qualitative traits in F4 lines 
F4 lines 
No. of HR 
plantsa 
Pericarp colorb Hull colorc 
Colored White c2 (3:1) Black Straw c2 (3:1) 
#063-119 26 2 24 62.8** 18 8 0.46 
#063-144 35 11 24 35.4** 1 34 97.1*** 
#063-174 38 3 35 91.2*** 38 0 fixed 
#063-182 32 0 32 fixed 25 7 0.17 
#281-210 30 0 30 fixed 18 12 3.6 
#281-223 32 1 32 91.1*** 0 32 fixed 
#281-224 34 3 31 79.4*** 0 34 fixed 
#281-230 24 3 21 50.0** 20 4 0.89 
a Only the F3 seedlings of herbicide resistance (HR) were selected to develop the F4 lines.  
b The colored group includes the red and brown colors. 
c The colored group includes the black and straw colors. c2 value for the Mendelian 
expectation of one dominance gene (3:1). 
3.3.2.2 Variations for seed dormancy, flowering time and plant height  
The eight F4 lines showed relatively greater between-line variation (10.5%) in 
seed dormancy, as evaluated by germination percentage, than within-line variation 
(<5.5%) (Table 3.8). The F4 lines were selected based on the genotypes at SD7-1/Rc. 
Thus, the between-line variation could be caused by genotypes at other dormancy locus 
or loci, including SD4 and SD12.  
Standard deviations for flowering time (1.8 d) and plant height (4.9 cm) among 




variations (Table 3.8). These results suggested that the selected lines were likely fixed 
for genes controlling the agronomic traits. 
Table 3.8 Summary of means and standard deviations for quantitative traits in the F4 
lines 
F4 plants 
Germination (%)a Days to flowering Plant height  
Mean Stdev. Mean Stdev. Mean Stdev. 
#063-119 49.8 4.1 95.7 5.2 95.0 6.2 
#063-144 38.2 3.9 96.3 3.6 94.7 5.9 
#063-174 41.0 3.5 97.9 0.9 90.0 6.9 
#063-182 25.7 4.3 99.6 1.6 86.2 5.5 
#281-210 38.3 4.4 97.8 1.1 98.0 4.8 
#281-223 52.8 5.2 97.0 1.1 86.2 4.1 
#281-224 23.1 2.2 96.6 0.9 99.1 4.5 
#281-230 38.0 4.1 93.3 6.8 91.1 4.8 
Mean 38.4  96.7  92.5  
Stdev. 10.3  1.8  4.9  
a Seed dormancy was evaluated by germination percentage. The days of after-ripening   
    were 15 d. 
3.3.2.3 RNAi mediated gene silencing efficiency on SD7-1/Rc 
 Six of the eight F4 lines were homozygous (RcRc) for the Rc allele, and silencing 
rate for the homozygous lines varied from 87.5% to 100% (Table 3.9). The other two F4 




14.3%, respectively, for the RcRc genotype, or 100% and 72%, respectively, for the Rcrc 
genotype (Table 3.9). The gross silencing efficiency was 89.9% in the F4 lines. 
Table 3.9 Summary of RNAi-silencing efficiency for Rc in the HR group of F4 lines  
F4 line 









#063-119 2 6 75.0 0 12 100.0 90.0 
#063-144 6 1 14.3 5 16 72.2 60.7 
#063-174 3 35 92.1 0 0 - 92.1 
#063-182 0 32 100.0 0 0 - 100.0 
#281-210 0 30 100.0 0 0 - 100.0 
#281-223 1 31 96.9 0 0 - 96.9 
#281-224 3 31 91.2 0 0 - 91.2 
#281-230 3 21 87.5 0 0 - 87.5 
Mean   82.1   86.1 89.9 
Stdev.   28.6   19.6 12.6 
Note: Only the herbicide-resistant plants from each of the F4 lines were evaluated for 
genotypes and phenotypes of the Rc locus. The colored group includes plants of red or 
brown pericarps. The white pericarp group of plants was caused by completely RNAi 




3.3.2.4 RNAi mediated gene silencing efficiency on Rc at the transcriptional level 
Quantitative Real time PCR (qRT-PCR) was conducted for white pericarp-
colored seed samples from three RcRc HR F4 plants, and two RS (RcRc or rcrc) controls. 
The relative expression level was highest for the RcRc HS control, moderate for the rcrc 
HS control, and minor for the three F4 samples (Fig. 3.4). The transcription data indicate 
that the F4 plants had the phenotype of white pericarp color because the Rc gene was 
silenced by RNAi.  
 
Fig. 3.2 Genotypic difference in the transcriptional level of the Rc gene. 
Control genotypes were susceptible (S) to the glufosinate herbicide and did not contain 
the RNAi construct Bar::IRSSD7-1::IRSSD12. The herbicide resistant (R) genotypes were 
randomly selected from the F4 lines; they all contained the functional Rc gene but had 
white pericarp-colored seeds. Total RNAs were isolated from developing caryopses at 10 
days post anthesis (DPA) and quantified by real-time reverse transcriptase PCR. Data 
shown are means (column) and standard errors (bar) of three biological replicates, 






























Genotypes resistant (R) or susceptible (S) to herbicide 
RcRc_S rcrc_S RcRc_R RcRc_R RcRc_R




3.5 Discussion  
The TM technology was performed to examine the degree of gene silencing on 
seed dormancy and pericarp color in F2 population. Continuously, the RNAi/TM 
technique also was conducted in F3 and F4 generations, this chapter, for confirmation of 
efficiency of RNAi silencing on these two traits. 
3.5.1 Segregation for the Bar::IRSSD7-1::IRSSD12 construct in F3 and F4 populations 
The Bar::IRSSD7-1::IRSSD12 construct in an F3 and F4 populations was detected by 
the resistance/susceptibility (R/S) to the glufosinate herbicide, which is the effect of the 
Bar transgene on the pericarp color. Data from the F3 and F4 lines confirmed that there 
was only one copy of the Bar::IRSSD7-1::IRSSD12 construct segregating in the F2 
population and the progeny lines, indicating that result follows 3:1 Mendelian expectation 
ratio.  
3.5.2 Segregation for qualitative traits in the F3 and F4 populations 
Several qualitative traits have been studied in this study such as herbicide 
resistance, pericarp color, and hull color. Some lines in F3 population are showed that 
there was no segregation for the RNAi/TM construct for all qualitative traits. Also, some 
other lines showed highly significant differences between the observed and expected 
plants especially in pericarp and hull color traits. However, the herbicide resistance trait 
contains only one line has highly significant differences. 
The observed segregation ration showed a deviation, indicating that the frequency 
for the colored phenotype was less than the 75% expectation, suggesting that the Rc gene 




3.5.3 Variations for quantitative traits in the F3 and F4 populations  
Several quantitative traits were studied in this project such as germination, days to 
flowering, and plant height. many differences were identified between these traits. The 
large segregation was for line #063 (10.9). In the days to flowering trait the large 
segregation was for line #079 (4.0). However, the large segregation in pant height trait 
was also for line #281 (10.6). The other quantitative traits include germination, days to 
flowering, and plant height showed large segregation in for line #078 and #063. 
3.5.4 Silencing effects on SD7-1/Rc in F3 and F4 populations 
The RNAi mediated gene silencing efficiency was about three times of higher in 
the F3 and F4 lines than in the F2 population. Several F3 and F4 lines had the silencing rate 
of 100% for the RcRc or Rcrc genotype, resulting in the phenotype of white pericarp. 
These results were confirmed by the transcription data. However, the other lines still 





Chapter 4. Conclusion and Discussion 
The goal of this research was to examine the feasibility of a SD gene -mediated 
biotechnology to mitigate the risk of transgene flow to their weedy/wild relatives.  to 
achieve this goal, a series of experiments were conducted to evaluate effects of the 
Bar::IRSSD7-1::IRSSD12 construct on herbicide resistance, seed dormancy, and pericarp 
color in an F2 population and to validate the RNAi efficacy on seed dormancy and 
pericarp color in the later F3 and F4  generations. This chapter summarizes major results 
and discussed their implications in research on transgene mitigation. 
4.1 Summary of the RNAi-mediated gene silencing effects  
This research examined an RNAi gene silencing-mediated TM strategy 
(RNAi/TM construct), targeting two SD genes in weedy rice as a mitigating factor tightly 
linked to the glufosinate herbicide resistance transgene, Bar. It was estimated that the 
tandem RNAi/TM construct would suppress the expression two targeted seed dormancy 
genes, SD7-1 and SD12, in weedy rice upon transgene flow. Silencing these two targeted 
SD genes in weedy rice could lead to an increased germination rate, or mitigation of 
dormancy in the following generation of weedy genotypes with dormancy-enhancing 
alleles (DD) that acquired the RNAi/TM construct upon transgene flow. Genotypes of 
weedy rice with the dormancy-enhancing alleles but no RNAi/TM construct were 
expected and demonstrated to have low germination rates or strong seed dormancy. 
The hypothesis in this project is that by linking a silencing factor targeting SD 
genes with a fitness-enhancing transgene will neutralize the fitness of transgene-
containing individuals in a weedy population by promoting germination. These 




than the parental strain in the environment by silencing the SD genes. The RNAi/TM 
construct with silenced seed dormancy would enhance the germination rate and make 
transgene-containing plants less competitive in weedy populations and also relatively 
easy to eliminate by good agronomic practices over time. 
RNAi mediated gene silencing efficiency on SD7-1/Rc was 100% in the F1, <30% 
in the F2, and about 90% in the F3 and F4 lines. The F1 plants were all heterozygous and 
have no genetic diversity. The genetic diversity was largest in the F2 population and 
reduced in the F3 and F4 lines. Thus, genetic diversity could be a major factor influencing 
RNAi-mediated gene silencing efficiency.  
The other discoveries from this research include the associations of seed 
dormancy with many other adaptive traits. Hull color may be controlled by more than one 
(Bh4) gene in weedy rice. Awn length and percentage of awned seeds per plant are two 
complementary parameters to quantify genotypic variation in the trait awn. 
4.2 Discussion and implications 
The implication of decreased seed dormancy and thus increased germination rates 
among individuals carrying the transgene is that those individuals would not escape weed 
control measures being performed by farmers, resulting in less persistence in fields. In 
the absence of the RNAi/TM construct, weedy individuals displayed strong seed 
dormancy. Such individuals would persist much longer in soil seed banks with the 
presence of dormancy-increasing alleles, resulting in delayed germination. By linking the 
Bar transgene with RNAi silencing cassette targeting SD genes (RNAi/TM construct), 
any weedy individual that acquires that construct would also incorporate the deleterious 




would germinate more readily allowing use of agronomic practices to decrease the weedy 
rice soil seed bank over time.   
By suppressing the SD genes, the weedy individuals would germinate early and 
throughout the growing season. If germination occurs prior to planting, tillage practices 
can eliminate volunteer plants. In the absence of tillage practices, the farmers could use 
herbicides other than the one the weeds have acquired resistance to, to remove them from 
fields. Moreover, the weeds that resulted from the hybridization between the cultivated 
crops and their weedy relatives have morphological characteristics that make them easily 
detectable among crop stands, allowing rogueing practices to purify fields.  
The above implications of silenced seed dormancy genes among transgene-
containing weedy individuals indicate that the linked mitigating factor may not always 
transmitted during genetic recombination. Furthermore, there is a chance for the TM 
strategy to fail if the coupled mitigating factor itself were to be silenced in the weedy 
recipients’ genome by endogenous nucleases that could degenerate the transgene. To 
solve this issue, the size of RNAi/TM construct must be minimized below the average of 
physical genetic distance for events of meiotic recombination in target plants. The 
average number of recombination rates or of crossover events was expected in rice with a 
4.53 cM/Mbp among sequenced F2 plants per meiosis, and the detected genetic 
recombination rate to be greatly repressed around the centromeric regions (Si et al. 2015; 
Kena 2017). 
The size or physical distance of our RNAi/TM construct in this project ranged 
from 6.6 to 6.8 kbp. However, based on the insertion locus of the RNAi/TM construct 




silencing and the primary transgene, Bar, can increase by the insertion of huge 
transposable components that could increase the possibility of segregation between them. 
This can restrict the efficiency of this TM strategy. Our outcomes for the TM strategy 
(two-locus TM model) illustrated the stability and constancy of the coupling of SD 
genes-RNAi silencing cassette with the primary transgene, Bar, in the F2, F3, and F4. Our 
results indicated there is a complete linkage between the two components of the TM 
strategy. 
With a view to reduce the RNAi/TM construct size, RNAi trigger sequences 
targeting the seed dormancy genes in weedy rice have been aligned with each other 
utilizing overlapping PCR fragments to produce one contiguous inverted repeat sequence 
(IRS) driven by a single maize ubiquitin promoter (Ubq pro.). That design differed from 
the standard design of IRS for RNAi gene silencing in which each IRS is compatible with 
its own promoter. However, a similar but shorter contiguous IRS was utilized for a two-
locus TM model, which worked as estimated. 
4.3 Future directions 
Based on the implications, challenges and limitations explained above, some 
recommendations could help improve the silencing efficiency of RNAi/TM constructs in 
future works. The design of the RNAi/TM construct should be re-evaluated by making 
each IRS fit with its own promoter. That could increase the RNAi/TM construct size and 
then increase the possibility of the reducing RNAi/TM construct segregating from the 
Bar transgene. However, this inevitable increase in size of RNAi/TM construct may be 
compensated for by removing the hygromycin resistance gene (HPT) from the RNAi/TM 




the Bar transgene could both behave as a plant selectable marker gene through plant 
transformation, and also as a Bar transgene for herbicide resistance. 
The silencing efficiency of the TM strategy has only been evaluated under 
greenhouse conditions, future work to apply it under the field conditions for evaluation 
should be undertaken in an area where rice is not normally grown. 
The insertion locus for the RNAi/TM constructs in the rice genome must be 
mapped to gain more in-depth information and details for linkage analysis between the 





Appendix 2.1 List of information on markers screened for polymorphism between the parental lines Nipponbare and LD 
# of 
marker 





1.  RM259 1 TGGAGTTTGAGAGGAGGG CTTGTTGCATGGTGCCATGT 7,446,795 - 7,446,813 SSR No 
2.  RM493 1 TAGCTCCAACAGGATCGACC GTACGTAAACGCGGAAGGTG 12,281,333 - 12,281,353 SSR No 
3.  RM6436 1 ATAGGCTTTGTAGGTGGGCC AAAAGGCCACGTACATGCAC 30,264,413 - 30,264,433 SSR No 
4.  RM1387 1 GTGGCTGGCTGATCGATC AATCAACCCAGCTACCATGC 40,207,903 - 40,207,920 SSR No 
5.  RM11392 1 CAAGTAGGCATGTTTCAACTG
G 
GGATTTGTTTCTCTGCCAAGC 25,354,451 - 25,354,475 SSR No 




25,365,923 - 25,365,947 SSR No 
7.  RM3558 1 ACGAGAGATCTTCTTTGCAG CCTCTATTTATGCCTCTACGC 41,782,988 - 41,783,005 SSR No 
8.  RM8260 1 AATCTAACGTTTGACTATCCAT
C 
TCTACCAGTACTCCCTTCACC 25,315,338 - 25,315,363 SSR No 
9.  RM3602 1 TGAAAAGCCACTCAGATGCG TGGTGAAAGGGTCAGAACTG 39,008,747 - 39,008,767 SSR No 
10.  RM8139 1 ATCAATATAAGCGACCTCAGA
T 
AAGCCTTAGTGGGGAGTTAA 19,077,781 - 19,077,805 SSR No 
11.  RM268 1 GTGCTATGCACGATCCATAGC
A 
CGTTTCTTTGGAAGCGGAGGGA 19,077,781 - 19,077,805 SSR No 
12.  RM252 1 TTCGCTGACGTGATAGGTTG ATGACTTGATCCCGAGAACG 34,819,258 - 34,819,272 SSR No 
13.  RM266 1 AGTTTAACCAAGACTCTC GGTTGAACCCAAATCTGCA 34,819,258 - 34,819,272 SSR No 
14.  RM147 1 TACGGCTTCGGCGGCTGATTCC CCCCCGAATCCCATCGAAACCC 35,840,916 - 35,840,934 SSR No 
15.  RM3602 1 TGAAAAGCCACTCAGATGCG TGGTGAAAGGGTCAGAACTG 39,008,747 - 39,008,767 SSR No 
16.  RM8139 1 ATCAATATAAGCGACCTCAGA
T 
AAGCCTTAGTGGGGAGTTAA 19,077,781-19,077,805 SSR No 
17.  RM265 1 CGAGTTCGTCCAAGTGAGC CATCCACCATTCCACCAATC 35,197,705 - 35,197,724 SSR No 




  (Appendix 2.1 continued) 
18.  RM11397 1 CTCCTCCTTCCCTCTTTCCATGC GTCACCAGTGACGGAGAGAGTC
G 
25,490,390 - 25,490,415 SSR No 
19.  RM8 2 CACGTGGCGTAAATACACGT GGCCAAACCCTAACCCTG 5,347,569 - 5,347,589 SSR Yes 
20.  RM324 2 CTGATTCCACACACTTGTGC GATTCCACGTCAGGATCTTC 11,389,858 - 11,389,878 SSR Yes 
21.  RM341 2 CAAGAAACCTCAATCCGAGC CTCCTCCCGATCCCAATC 19,342,132 - 19,342,148 SSR No 
22.  RM263 2 CCCAGGCTAGCTCATGAACC GCTACGTTTGAGCTACCACG 25,871,270 - 25,871,290 SSR No 
23.  RM526 2 CCCAAGCAATACGTCCCTAG ACCTGGTCATGACAAGGAGG 26,670,953 - 26,670,973 SSR No 
24.  RM5179 2 ATGAGCTAATGTTTCTAAGC CAAATTGATTAGTTTGAACC 16,427,026 - 16,427,041 SSR Yes 
25.  RM110 2 TCGAAGCCATCCACCAACGAA
G 
TCCGTACGCCGACGAGGTCGAG 1,326,179 - 1,327,083 SSR Yes 
26.  RM1920 2 CAAACACAGTGTTGACAGAA GCTATTGACTTATCCGTTCA 25,467,418 - 25,467,438 SSR No 
27.  RM11978 2 GGCCTTTGTTAGAGAAGACAT
GG 
GAATGATTATGCCCTAGGTTGC 19,106,942 - 19,106,957 SSR No 
28.  RM2483 2 TTTTAGAACACAAGGAGTAG GAAGATAGTACTTCCTCTGTAG 6,322,733 - 6,322,753 SSR No 
29.  RM174 2 AGCGACGCCAAGACAAGTCGG
G 
TCCACGTCGATCGACACGACGG 7,006,086 - 7,006,110 SSR No 
30.  RM6895 2 TCAAATAAGATGGACGGTC CGCCACCACAGTAGTACTAG 11,712,827 - 11,712,846 SSR No 
31.  RM485 2 CACACTTTCCAGTCCTCTCC CATCTTCCTCTCTTCGGCAC 934,576 - 934,596 SSR No 
32.  RM3803 3 GACCTCTACAAGTCACCCGG GCTAGCCGGACTTGTAAAAG 10,658,165 - 10,658,276 SSR Yes 
33.  RM6914 3 CTCATCGTCATCCTGTGCAC GAACTGAAGAACCCACCTGC 17,292,599 - 17,292,619 SSR Yes 
34.  RM7425 3 AGCCAGAGAGAGAGAGACGG ACATCAACACATTCCCCTCC 11,618,797 - 11,618,817 
 
SSR Yes 
35.  RM426 3 ATGAGATGAGTTCAAGGCCC AACTCTGTACCTCCATCGCC 27,595,689 - 27,595,709 SSR No 
36.  RM532 3 TCTATAATGTAGCCCCCCCC TTTCAGGGGCTTCTACCAAC 28,136,280 - 28,136,300 SSR No 
37.  RM293 3 TCGTTGGGAGGTATGGTACC CTTTATCTGATCCTTGGGAAGG 31,657,112 - 31,657,132 SSR No 
38.  RM3204 3 GCAACCCTTTCTTCCTCCTC CCAAGGAGAGCGCACTAGC 14,992,774 - 14,992,794 SSR No 
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39.  RM6594 3 CTCATGACCTCGTCCTCCTC ACGTGGTAGCACTCCAGCTC 14,097,391 - 14,097,411 SSR No 
40.  RM6417 3 ACAAGCCATCATTAGCCACC CTGGTCATACGACGACATGG 8,108,308 - 8,108,328 SSR No 
41.  RM12843 3 TTTCAAATCTCAGCTCCCTAGC AGGGCTTCAAATTAAGGTGTGG 7,293,580 - 7,293,594 SSR No 
42.  RM5748 3 CAGTTGGCAATTGTCACGAG TCGAACATATCCAAGCCTCC 12,327,986 - 12,328,006 SSR No 
43.  RM255 4 TGTTGCGTGTGGAGATGTG CGAAACCGCTCAGTTCAAC 30,957,507 - 30,957,526 SSR Yes 
44.  RM518 4 CTCTTCACTCACTCACCATGG ATCCATCTGGAGCAAGCAAC 2,034,688 - 2,034,710 SSR Yes 
45.  RM3524 4 CGGAGCTGGTCTAGCCATC GTCTCCGTCTTCCTCACTCG 22,893,900 - 22,893,919 SSR Yes 
46.  RM3866 4 AGTTGGTCATCTACCAGAGC GATCTTCTTGCCTCAGAAAG 23,358,508 - 23,358,649 SSR Yes 
47.  RM142 4 CTCGCTATCGCCATCGCCATCG TCGAGCCATCGCTGGATGGAGG 20,690,896 - 20,690,920 SSR No 
48.  RM119 4 CATCCCCCTGCTGCTGCTGCTG CGCCGGATGTGTGGGACTAGCG 21,414,514 - 21,414,538 SSR No 
49.  RM3839 4 AATGGGACCAGAAAGCACAC AAAAAGAGCATGGGGGCTAC 24,090,047 - 24,090,067 SSR No 
50.  RM1223 4 CAGCGTCTCCAAGAAACTCC GCTACCAGGTCAGAGTTGCC 25,477,906 - 25,477,926 SSR No 
51.  RM17600 4 CCTCGAAATGAATTGCAGTCG
AACG 
GTCTTGTGCCTTGTGCCGATGG 33,781,512 - 33,781,539 SSR No 
52.  RM16840 4 TATCATCACCCTAGGCTTGC AAGGGTGCTATTACACGAAGC 19,016,698 - 19,016,718 SSR No 
53.  RM2441 4 CCATGTGAGTTTAAATTCAC ATTAACAGATGATGCAAATC 28,047,512 - 28,047,532 SSR No 
54.  RM5270 4 ACAACTACATGGGCTAATAA GAAATCCTCTGTATCATCAA 25,013,755 - 25,013,775 SSR No 




11,275,492 - 11,275,519 SSR No 
56.  RM537 4 CCGTCCCTCTCTCTCCTTTC ACAGGGAAACCATCCTCCTC 186,346 - 186,366 SSR No 
57.  RM1236 4 AGCATCCAACGAGGTACAAG GGAGTGCTAGGGATGTCGAC 6,866,750 - 6,866,770 SSR No 
58.  RM3042 4 CAAAAAGGAATCAATGTGAA GGCTGTTGAGAGGTAGAGAA 23,018,256 - 23,018,276 SSR No 
59.  RM233 5 CCAAATGAACCTACATGTTG GCATTGCAGACAGCTATTGA 23,858,437 - 23,858,456 SSR Yes 
60.  RM1242 5 GAGGTAATCTCGCGGAGTTG GGGTCGGAAAGCCACATG 11,182,689 - 11,182,708 SSR Yes 
61.  RM440 5 CATGCAACAACGTCACCTTC ATGGTTGGTAGGCACCAAAG 19,975,189 - 19,975,209 SSR Yes 
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62.  RM509 5 TAGTGAGGGAGTGGAAACGG ATCGTCCCCACAATCTCATC 16,382,078 - 16,382,199 SSR Yes 
63.  RM26 5 GAGTCGACGAGCGGCAGA CTGCGAGCGACGGTAACA 27,404,665 - 27,404,683 SSR No 
64.  RM8039 5 CGTACGTACTTATATCTCAT AAATCTAATGTATCTGAGGT 22,503,019 - 22,503,035 SSR No 
65.  RM7409 5 TCTATACCCGTGGACCAAGC CTTGCGTACGCATACGTGTC 9,241,253 - 9,241,273 SSR No 
66.  RM507 5 CTTAAGCTCCAGCCGAAATG CTCACCCTCATCATCGCC 102,741 - 102,761 SSR No 
67.  RM6562 5 CTCTGGTGGCTCACTTCCTC TTCAACCTCTCCTACACCGG 18,063,327 - 18,063,347 SSR No 
68.  RM5818 5 CTTGTCTTGGCTTGGCTAGG ATCCACGCAGATAGACCTGC 29,749,658 - 29,749,678 SSR No 
69.  RM18496 5 ACAACCCGTTGTCAGTTGTGC GACCATCGATCCATGTATGTGC 17,180,196 - 17,180,218 SSR No 
70.  RM528 6 GGCATCCAATTTTACCCCTC AAATGGAGCATGGAGGTCAC 26,555,964 - 26,555,984 SSR Yes 




27,052,962 - 27,052,986 SSR Yes 




27,028,545 - 27,028,634 SSR No 
73.  RM508 6 GGATAGATCATGTGTGGGGG ACCCGTGAACCACAAAGAAC 442,614 - 442,634 SSR No 
74.  RM587 6 ACGCGAACAAATTAACAGCC CTTTGCTACCAGTAGATCCAGC 2,292,844 - 2,292,864 SSR No 
75.  RM314 6 CTAGCAGGAACTCCTTTCAGG AACATTCCACACACACACGC 4,845,257 - 4,845,279 SSR No 
76.  RM5745 6 ATGCCAAGTGGACGATGTAC ACATGTGGGTAGTGGGATGG 12,494,011 - 12,494,031 SSR No 
77.  RM176 6 CGGCTCCCGCTACGACGTCTCC AGCGATGCGCTGGAAGAGGTGC 30,266,435 - 30,266,459 SSR No 
78.  RM1161 6 AAACTGTTTTACCCCTGGCC ATCCCCTTCTGCGGTAAAAC 13,753,126 - 13,753,146 SSR No 
79.  RM5850 6 TTAGGTGTGTGAGCGTGGC ATACACAGATGACGCACACG 10,998,829 - 10,998,848 SSR No 
80.  RM7179 6 CACGTGTCAGCTTAAGAGCG TTACATCATAAGCCCGCAGG 19,729,581 - 19,729,601 SSR No 
81.  RM345 6 ATTGGTAGCTCAATGCAAGC GTGCAACAACCCCACATG 30,865,977 - 30,865,997 SSR No 
82.  RM3307 6 CAGTGCTCTCGAACATGGAG CTGCATTGTAAACGGTCGAG 28,947,455 - 28,947,475 SSR No 
83.  RM315 6 GAGGTACTTCCTCCGTTTCAC AGTCAGCTCACTGTGCAGTG 20,420,754 - 20,420,776 SSR No 
84.  RM254 6 AGCCCCGAATAAATCCACCT CTGGAGGAGCATTTGGTAGC 18,880,046 - 18,880,060 SSR No 
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85.  RM295 6 CGAGACGAGCATCGGATAAG GATCTGGTGGAGGGGAGG 25,246,857 - 25,246,877 SSR No 
86.  RM1253 7 CTGAACTTGCCTGAGAACTC GACGACCTCTCCATGCTCG 6,968,974 - 6,968,994 SSR Yes 
87.  RM3635 7 CGTGAGAGCGTGAGAGACAG ACTTTGGTGTTCCCTCCCTC 11,088,327 - 11,088,416 SSR Yes 
88.  RM6728 7 GGGTATGTGTCGCTATTTTA GAAATCTGGAATTTTCCCTA 5,730,155 - 5,730,175 SSR Yes 
89.  RM8006 7 TGCCGGTTCTTAATTTTATC AATGGTCCACATTACTCCAC 7,686,021 - 7,686,041 SSR Yes 
90.  RM21197 7 CGGTGAGAATGGTACTCTGTCC
TAGC 
ATGGGCAAGGGCAATTAAAGG 6,066,123 - 6,066,193 SSR Yes 
91.  RM248 7 TCCTTGTGAAATCTGGTCCC GTAGCCTAGCATGGTGCATG 29,341,015 - 29,341,078 SSR Yes 
92.  RM481 7 TAGCTAGCCGATTGAATGGC CTCCACCTCCTATGTTGTTG 2,876,164 - 2,876,313 SSR Yes 
93.  RM542 7 TGAATCAAGCCCCTCACTAC CTGCAACGAGTAAGGCAGAG 12,713,066 - 12,713,086 SSR No 
94.  RM5481 7 GGCACAGAGTAGTGATGTTTC
G 
TGAAGCTCCAATACTCTCCC 16,200,207 - 16,200,229 SSR No 
95.  RM455 7 AACAACCCACCACCTGTCTC AGAAGGAAAAGGGCTCGATC 22,351,612 - 22,351,632 SSR No 
96.  RM325 7 GACGATGAATCAGGAGAACG GGCATGCATCTGAGTAATGG 6,968,003 - 6,969,254  SSR No 
97.  RM8015 7 AAGTTTCTCCAAGCCAAGAG AATGTGTTTTCCTGGTCAGA 8,133,533 - 8,133,553 SSR No 
98.  RM427 7 TCACTAGCTCTGCCCTGACC TGATGAGAGTTGGTTGCGAG 2,679,830 - 2,679,850 SSR No 
99.  RM346 7 CGAGAGAGCCCATAACTACG ACAAGACGACGAGGAGGGAC 21,045,101 - 21,045,121 SSR No 
100.  RM320 7 CAACGTGATCGAGGATAGATC GGATTTGCTTACCACAGCTC 18,694,398 - 18,694,420 SSR No 
101.  RM17097 7 GGGAGCTTTCTCCTTCAAGAGC GCGAGAGCACAGATAGAAATGG 26,625,099 - 26,625,115 SSR No 




25,429,672 - 25,429,700 SSR No 
103.  RM7479 7 GCTCTGGTTAGTGATCATGG ACATGGTGGCTTAGGAGTG 4,135,707 - 4,135,727 SSR No 




5,736,271 - 5,736,300 SSR No 
105.  RM6338 7 GAGAAGGTTCGGGGAGCTAG GTTCTTCCTCCCTTTGCCTC 5,659,740 - 5,659,760 SSR No 
106.  RM5672 7 CACCCTACAAGGAAACAAGC TGCCCAATATAGAGGCAACC 6,381,170 - 6,381,190 SSR No 
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107.  RID12 7 TACAGGGGAGCAGAAACACC AAAGGTACCAAAGATCGCAGAA 6,068,020 - 6,068,150 InDel Yes 




6,065,897 - 6,066,285 InDel Yes 
109.  sd7f_G3 7 AAATCCCCCTCTTGGACGTTAG TACATGGCCTCTCCTTGCAAAT 6,065,575 - 6,066,319 InDel Yes 
110.  sd7f_G4 7 TCGATGCTTGTGTAGCCAAT TCCAAGGGTCAAAAGTTGTTGG 6,064,334 - 6,064,946 InDel Yes 
111.  sd7f_G5 7 TCTGCGATCTTTGGTACCTTTC
A 
TATGCGGTTCCTTAGCTGCTTC 6,068,151 - 6,068,889 InDel No 
112.  RM22475 8 ACCTCCTGCAGCTGGTCCTATA
CC 
CTGCTGTTCTTGGTGGTGATGG 4,289,306 - 4,289,435 SSR Yes 
113.  RM3383 8 GGTCGTCCCCTACCTCTAGC AAAGAGGAGGAAAGGAACCG 13,485,968 - 13,485,988 SSR No 
114.  RM6999 8 TTATCTGGGATCCATCGAGC GTGAATTTCCTTGGAGGGAC 3,985,393 - 3,985,413 SSR No 
115.  RM544 8 TGTGAGCCTGAGCAATAACG GAAGCGTGTGATATCGCATG 5,109,203 - 5,109,223 SSR No 
116.  RM6838 8 ATTAATACCGCTACCACGCG TCCTCCTCCACCTCAATCAC 5,850,662 - 5,850,682 SSR No 
117.  RM1384 8 TTAATCCATCCTGTAGCTGG TCGCTATCAACACTACCTGC 11,850,006 - 11,850,026 SSR No 
118.  RM331 8 GAACCAGAGGACAAAAATGC CATCATACATTTGCAGCCAG 12,295,421 - 12,295,441 SSR No 




12,376,970 - 12,376,995 SSR No 
120.  RM3572 8 AGTGCTGTCTGGTTTTTGGC CCCCTCCCTTTCTTTCTTTG 3,928,451 - 3,928,471 SSR No 
121.  RM25 8 GGAAAGAATGATCTTTTCATG
G 
CTACCATCAAAACCAATGTTC 4,378,456 - 4,378,475 SSR No 
122.  RM6208 8 TCGAGCAGTACGTGGATCTG CACACGTACATCTGCAAGGG 5,789,021 - 5,789,041 SSR No 
123.  RM38 8 ACGAGCTCTCGATCAGCCTA TCGGTCTCCATGTCCCAC 2,115,839 - 2,115,859 SSR No 
124.  RM3395 8 ACCTCATGTCCAGGTGGAAG AGATTAGTGCCATGGCAAGG 10,294,888 - 10,294,908 SSR No 
125.  RM6699 8 CACCATTCACCAACACCATC GCGAGGTAGAGATTGCTTGG 20,672,553 - 20,672,573 SSR No 
126.  RM52 8 CTACTCGCGCGTGGAGTT TGTCTTACTGGTGAAGCTGG 24,757,821 - 24,757,839 SSR No 
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127.  RM2064 8 GCTACCTTAGCTAGGTGATC ATGTAAAATTTGCATGTTTG 5,338,394 - 5,338,410 SSR No 
128.  RM257 9 CAGTTCCGAGCAAGAGTACTC GGATCGGACGTGGCATATG 17,720,660 - 17,720,805 SSR Yes 
129.  RM3609 9 AGGTGCACACATACTGTCGC AGGACATGGCATCTTCTTGG 1,157,790 - 1,157,928 SSR Yes 
130.  RM6920 9 AGAGCGTACCACAAATGAGG AATCGTATTGCCAGCGAGAC 7,009,959 - 7,009,770 SSR Yes 
131.  RM1896 9 GGACAGGGTAAAGTGTTAGA CCTAAGACCTATCAACTCCA 11,768,490 - 11,768,509 SSR No 
132.  RM524 9 TGAAGAGCAGGAACCGTAGG TCTGATATCGGTTCCTTCGG 12,925,397 - 12,925,417 SSR No 
133.  RM6771 9 GCATCAAGCGAATCTTAGCC TAGTCGCCGATGGATAAACC 14,693,186 - 14,693,206 SSR No 
134.  RM8219 9 AACCATTGTTGAGCAAATTC GATAAGCAGGGATTGGAAAG 1,548,015 - 1,548,035 SSR No 
135.  RM5688 9 GCAGTGTCCAACCATCTGTG ATCTGGTCACCCTTTGCTTG 1,716,914 - 1,716,934 SSR No 
136.  RM434 9 GCCTCATCCCTCTAACCCTC CAAGAAAGATCAGTGCGTGG 15,663,582 - 15,663,602 SSR No 
137.  RM6051 9 AGGCTGATCCAAGATCCATG CCCGGAGGCTGATTCTTG 12,831,382 - 12,831,402 SSR No 
138.  RM242 4 GGCCAACGTGTGTATGTCTC TATATGCCAAGACGGATGGG 18,811,295 - 18,811,315 SSR No 
139.  RM24872 10 TACCTATTAGCGGAGTAGTGAT
GAGG 
GAAGGAAGCTAAGCGTGTATCC 287,057 - 287,082 SSR No 
140.  RM24959 10 ATGAAGAGGAGGACTTGCTGA
CC 
GCTGCTGTCTGGTTCTTTCTTGG 2,182,744 - 2,182,769 SSR No 
141.  RM467 10 GGTCTCTCTCTCTCTCTCTCTCT
C 
CTCCTGACAATTCAACTGCG 2,182,744 - 2,182,769 SSR No 
142.  RM591 10 CTAGCTAGCTGGCACCAGTG TGGAGTCCGTGTTGTAGTCG 22,971,176 - 22,971,196 SSR No 
143.  RM3283 10 CCCGTTAAAAGGGAAACTCC CGAACTCCTAGACTCCACCG 12,381,548 - 12,381,568 SSR No 
144.  RM1873 10 CTGACAGGACATTAAAAAAC CCTCATCCTTAATCTCTTTA 17,894,929 - 17,894,949 SSR No 
145.  RM1126 10 AGAAAAGGCTGCATCAGTGC TCCAACGACAGACTGTACGG 9,770,864 - 9,770,884 SSR No 
146.  RM4455 10 CTCTCAAAGAACTAGGACTC GAGAAGGTATGATAACCAAT 11,737,205 - 11,737,225 SSR No 
147.  RM6132 10 CCGCCATCTCTCTTCAGTTC CAGTGCATAGAGGAGAGGACG 18,857,338 - 18,857,358 SSR No 
148.  RM6012 10 AGGTAGACGAGTACGACGTCG CACGCTAAATTCTGCAGCTG 12,992,283 - 12,992,305 SSR No 





(Appendix 2.1 continued) 
149.  RM596 10 ATCTACACGGACGAATTGCC AGAAGCTTCAGCCTCTGCAG 15,280,364 - 15,280,384 SSR No 
150.  RM6179 10 ATCTCGTCCATCTCCGGC TCCAACGGTCAAGATTAGCC 2,587,395 - 2,587,413 SSR No 
151.  RM2064 11 GCTACCTTAGCTAGGTGATC ATGTAAAATTTGCATGTTTG 27,487,851 - 27,487,870 SSR Yes 
152.  RM6327 11 CAGCCTAGGGCGTCATAGAC GATTGGGTGATGGATAGCAC 365,379 - 365,398 SSR Yes 
153.  RM27469 11 CTTGCAAGCGGCGTACAGAGC TTCCTGGATCCTGAAGGTACGTA
GG 
1,256,680 - 1,257,018 SSR No 
154.  RM332 11 GCGAAGGCGAAGGTGAAG CATGAGTGATCTCACTCACCC 2,844,306 - 2,844,324 SSR No 
155.  RM202 11 CAGATTGGAGATGAAGTCCTC
C 
CCAGCAAGCATGTCAATGTA 9,007,213 - 9,007,237 SSR No 
156.  RM457 11 CTCCAGCATGGCCTTTCTAC ACCTGATGGTCAAAGATGGG 19,531,078 - 19,531,098 SSR No 
157.  RM21 11 ACAGTATTCCGTAGGCACGG GCTCCATGAGGGTGGTAGAG 19,639,218 - 19,639,237 SSR No 
158.  RM206 11 CCCATGCGTTTAACTATTCT CGTTCCATCGATCCGTATGG 22,480,960 - 22,480,980 SSR No 
159.  RM5824 11 GACCTGCAGTCGTTCGATTC ACCGATCAATTAGGAGCTCG 14,528,045 - 14,528,065 SSR No 
160.  RM5766 11 ATTGCTGCAAAGTGGGAGAC AAGTGGAGGCAGTTCACCAC 28,871,606 - 28,871,626 SSR No 
161.  RM7303 11 ACAGGAGGGGAATTGACCAG CAGTGCTTAGCTGTAAGCTGC 16,987,233 - 16,987,253 SSR No 
162.  RM2459 11 AGTTTGAAGTTTGTCTTGAA AGTTACCAAAAGTTTAATCG 2,408,329 - 2,408,349 SSR No 
163.  RM6440 11 CTGAGAGAATGCCGATAGTG TCTCCATCTCCATTCATCC 25,356,862 - 25,356,882 SSR No 
164.  RM4504 11 TAATTGATGAGCTTGATGTA AGAGAGATTTTATGAAACCA 5,477,776 - 5,477,796 SSR No 
165.  RM1036 12 CTCATTTGTCGATTGCCGTC ATGGGAGGAGTGATCAAACG 8,797,243 - 8,797,262 SSR Yes 
166.  RM5338 12 TGCACTCACCAGTTTTACCG TGGCATGAGAGCTAGCACTG 24,379,765 - 24,379,785 SSR Yes 
167.  RM270 12 GGCCGTTGGTTCTAAAATC TGCGCAGTATCATCGGCGAG 25,002,546 - 25,002,561 SSR Yes 
168.  RM235 12 AGAAGCTAGGGCTAACGAAC TCACCTGGTCAGCCTCTTTC 26,141,509 - 26,141,529 SSR Yes 
169.  RM277 12 CGGTCAAATCATCACCTGAC CAAGGCTTGCAAGGGAAG 22,364,796 - 22,364,812 SSR No 
170.  RM519 12 AGAGAGCCCCTAAATTTCCG AGGTACGCTCACCTGTGGAC 19,932,320 - 19,932,340 SSR No 
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171.  RM2972 12 GAGCCAATATGTTGTCTTGA GTTCAGATCATGATGCCTAC 19,167,140 - 19,167,160 SSR No 
172.  RM309 12 GTAGATCACGCACCTTTCTGG AGAAGGCCTCCGGTGAAG 21,488,043 - 21,488,065 SSR No 
173.  RM6998 12 AGATGATAAGCTTGCGGACC ATGCAGATGAGTCCCTCCAC 4,746,105 - 4,746,125 SSR No 
174.  RM27469 12 TTGCAAGCGGCGTACAGAGC TTCCTGGATCCTGAAGGTACGTA
GG 
1,256,681 - 1,256,701 SSR No 
175.  RM1047 12 ATTACAGAACCCCACTCCCC CATCATCTTAGCCCCCAGTG 11,224,744 - 11,224,764 SSR No 
176.  RM28598 12 TACTACTTGAGAAGGCAGACA
TGC 
GTGTAGCACAACTGCACAAGC 24,667,949 - 24,667,975 SSR No 
177.  RM511 12 CTTCGATCCGGTGACGAC AACGAAAGCGAAGCTGTCTC 17,401,641 - 17,401,659 SSR No 
178.  RM17 12 TGCCCTGTTATTTTCTTCTCTC GGTGATCCTTTCCCATTTCA 26,988,413 - 26,988,437 SSR No 
179.  RM12 12 TGCCCTGTTATTTTCTTCTCTC GGTGATCCTTTCCCATTTCA 26,988,268 - 26,988,288 SSR No 
180.  M76 12 TGAACAACGCCAATCACCATT
A 
GCGCGCATCATTTCATGTAG 25,224,751 - 25,224,775 InDel No 
181.  HAP01 12 ATCTCAATTCTTCAC-CA AGCTTGCGACACGCCG 25,336,026 - 25,336,042 InDel No 
182.  HAP11 12 GAGAACTGCTGTT---------- ACTTATGCCAGTGCTTCCAC 26,074,221 - 26,074,236 InDel Yes 
183.  HAP13 12 GAAACTACTTTCCCTT---CA--- TTGTAGCAGGTGCCCAATGC 25,677,681 - 25,677,701 InDel Yes 
184.  HAP39 12 GCCACGTAGGCAGCACGTC TCCTTAGCCCATAACAAAC 24,701,682 - 24,701,701 InDel Yes 
185.  HAP45 12 AGCTAGAGTTGGGCTT CACACATGTCTGGGAGAAG 24,870,533 - 24,870,549 InDel Yes 
186.  HAP54 12 TCCCTTTATTCTTGTGGAC GAAAATGACTGGGAGGAGCA 25,939,266 - 25,939,394 InDel Yes 
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Note: HR, herbicide resistance and susceptibility; R, herbicide resistant; S, herbicide 
susceptible; DTF, days to flowering; PH, plant height (cm); AL, awn length; Awn%, 
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Note: Herb., herbicide resistance and susceptibility; 1, herbicide resistant; 3, herbicide 
susceptible; FT, flowering time; HarDate, harvesting date; PH, plant height (cm); A, 
seeds with awn; N, seeds without awn; AN, seeds with and without awn; PC, pericarp 
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Note: HR, herbicide resistance and susceptibility; R, herbicide resistant; S, herbicide 
susceptible; FT, flowering time; HarDate, harvesting date; PH, plant height (cm); A, 
seeds with awn; N seeds without awn; AN, seeds with and without awn; PC, pericarp 
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